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VECTORS AND METHODS FOR IMMUNIZATION 
OR THERAPEUTIC PROTOCOLS 

TECHNICAL FIELD 

5 This invention relates generally to immune responses and more particularly to vectors 
containing immunostimulatory CpG motifs and/or a reduced number of neutralizing 
motifs and methods of use for immunization purposes as well as vectors containing 
neutralizing motifs and/or a reduced number of immunostimulatory CpG motifs and 
methods of use for gene therapy protocols. 

10 BACKGROUND 

Bacterial DNA, but not vertebrate DNA, has direct immunostimulatory effects on 
peripheral blood mononuclear cells (PBMC) in vitro (Messina et al, J. ImmimoL 147: 
1759-1764, 1991; Tokanuga et al, JNCL J72: 955, 1994). These effects include 
proliferation of almost all (>95%) B cells and increased immunoglobulin (Ig) secretion 

15 (Krieg et aL, . Nature, 374 : 546-549, 1995). In addition to its direct effects on B cells, 
CpG DNA also directly activates monocytes, macrophages, and dendritic cells to secrete 
predominantly Th 1 cytokines, including high levels of IL-12 (Klinman, D., et al Proc, 
NatL Acad. ScL USA, 93: 2879-2883 (1996); Halpem et al, 1996; Cowdery et al, 
Immunol, 156 : 4570-4575 (1996). These cytokines stimulate natural killer (NK) cells 

20 to secrete y-interferon (EFN-y) and to have increased lytic activity (Klinman et al^ 1 996, 
supra; Cowdery et al., 1996, supra; Yamamoto et al, 1 Immunol, 148: 4072-4076 
(1992); Ballas et al, J. Immunol 157: 1840-1845 (1996)). These stimulatory effects 
have been found to be due to the presence of umncthylated CpG dinucleotides in a 
particular sequence context (CpG-S motifs) (Krieg et aly 1995, supra). Activation may 

25 also be triggered by addition of synthetic oligodeoxynucleotides (ODN) that contain 
CpG-S motifs (Tokunaga et al, Jpn, J, Cancer Res, 79: 682-686 1988; Yi et al, J. 
Immunol, 156: 558-564, 1996; Davis e/ a/., J. Immunol 160: 870-876, 1998). 
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Unmethylated CpG dinucleotides are present at the expected frequency in bacterial DNA 
but are under-represented and methylated in vertebrate DNA (Bird. Trends in Genetics. 
3: 342-347, 1987). Thus, vertebrate DNA essentially does not contain CpG stimulator/ 
(CpG-S) motifs and it appears likely that the rapid immune activation in response to 
5 CpG-S DNA may have evolved as one component of the innate immune defense 
mechanisms that recognize structural patterns specific to microbial molecules. 

Viruses have evolved a broad range of sophisticated strategies for avoiding host immune 
defenses. For example, nearly all DNA viruses and retroviruses appear to have escaped 
the defense mechanism of the mammalian immune system to respond to 
10 immunostimulatory CpG motifs. In most cases this has been accomplished through 
reducing their genomic content of CpG dinucleotides by 50-94% from that expected 
based on random base usage (Karlin et ai, J. Virol. 68: 2889-2897, 19^4). CpG 
suppression is absent from bacteriophage, indicating that it is not an inevitable result of 
having a small genome. Statistical analysis indicates that the CpG suppression in 
1 5 lent! viruses is an evolutionary adaptation to replication in a eukaryotic host (Shaper et 
al., Nucl. Acids Res. 18: 5793-5797, 1990). 

Nearly all DNA viruses luid retroviruses appear to have evolved to avoid this defense 
mechanism through reducing their genomic content of CpG dinucleotides by 50-94% 
from that expected based on random base usage. CpG suppression is absent from 

20 bacteriophage, indicating that it is not an inevitable result of having a small genome. 
Statistical analysis indicates that the CpG suppression in lentiviruses is an evolutionary 
adaptation to replication in a eukaryotic host. Adenoviruses, however, are an exception 
to this rule as they have the expected level of genomic CpG dinucleotides. Different 
groups of adenovirae can have quite different clinical characteristics. Serotype 2 and 5 

25 adenoviruses (Subgenus C) are endemic causes of upper respiratory infections and are 
notable for their ability to establish persistent infections in lymphocytes. TTiese 
adenoviral serotypes are frequently modified by deletion of early genes for use in gene 
therapy applications, where a major clinical problem has been the frequent inflammatory 
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immune responses to the viral particles. Serotype 12 adenovirus (subgenus A) does not 
csdiblish Intciic.y, hiil can he oncoj'.enic. 

Despite high levels of unmethylated CpG dinucleolides, serotype 2 adenoviral DNA 
surprisingly is nonstimulatory and can actually inhibit activation by bacterial DNA. The 
5 arrangement and flanking bases of the CpG dinucleotides are responsible for this 
difference. Even though type 2 adenoviral DNA contains six times the expected 
frequency of CpG dinucleotides, it has CpG-S motifs at only one quarter of the frequency 
predicted by chance. Instead, most CpG motifs are found in clusters of direct repeats or 
with a C on the 5' side or a G on the 3' side. It appears that such CpG motifs are immune- 
10 neutralizing (CpG-N) in that they block the Thl-type immune activation by CpG-S 
motifs in vitro. Likewise, when CpG-N ODN and CpG-S are administered with antigen, 
the antigen-specific immune response is blunted compared to that with CpG-S 
alone. When CpG-N ODN alone is administered in vivo with an antigen, Th2-like 
antigen-specific immune responses are induced. 

1 5 B cell activation by CpG-S DNA is T cell independent and antigen non-specific. 
However, B cell activation by low concentrations of CpG DNA has strong synergy with 
signals delivered through the B cell antigen receptor for both B cell proliferation and Ig 
secretion (Krieg et ai, 1995, supra). This strong synergy between the B cell signaling 
pathways triggered through the B cell antigen receptor and by CpG-S DNA promotes 

20 antigen specific immune responses. The strong direct effects (T cell independent) of 
CpG-S DNA on B cells, as well as the induction of cytokines which could have indirect 
effects on B-cells via T-hclp pathways, suggests utility of CpG-S DNA as a vaccine 
adjuvant. This could be applied either to classical antigen-based vaccines or to DNA 
vaccines. CpG-S ODN have potent Th-1 like adjuvant effects v^th protein antigens (Chu 

25 et oL, J, Exp. Med 186: 1623-1631 1997; Lipford et ai, Eur, J. Immunol, 27: 2340- 
2344, 1997; Roman et ai. Nature Med, 3: 849-854, 1997; Weiner et al, Proc, Natl 
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AcadSci. USA.94: 10833, 1997; Davis a/., 1998,.«;,ra, Moldoveanu e/«/.. A Novel 
Adjuvant for Systemic and Mucosal Inmiunization with Influenza Virus. Vaccine (in 
press) 1 998). 

SUMMARY OF THE INVENTION 

5 The present invention is based on the discovery that removal of neutralizing motifs (e.g., 
CpG-N or poly G) from a vector used for immunization purposes, results in an antigen- 
specific immunostimulatoiy effect greater than with the starting vector. Further, when 
neutralizing motifs (e.g., CpG-N or poly G) are removed from the vector and stimulatory 
CpG-S motifs are inserted into the vector, the vector has even more enhanced 
10 immunostimulator)' efficacy. 

In a first embodiment, the invention provides a method for enhancing the 
immunostimulatory effect of an antigen encoded by nucleic acid contained in a nucleic 
acid construct including determining the CpG-N and CpG-S motifs present in the 
construct and removing neutralizing CpG (CpG-N) motifs and optionally inserting 
1 5 stimulatoo^ CpG (CpG-S) motifs in the construct, thereby producing a nucleic acid 
construct having enhanced immunostimulatory efficacy. Preferably, the CpG-S motifs 
in the construct include a motif having the formula 5" X.CGX, 3" wherein at least one 
nucleotide separates consecutive CpGs. X, is adenine, guanine, or thymine and X is 
cytosine, thymine, or adenine. 

20 In another embodiment, the invention provides a method for stimulating a protective or 
therapeutic immune response in a subject. The method includes administering to the 
subject an effective amount of a nucleic acid construct produced by determining the 
CpG-N and CpG-S motifs present in the construct and removing neutralizing CpG (CpG- 
N) motifs and optionally inserting stimulatory CpG (CpG-S) motifs in the con.struct. 

25 (hereby producing , nucleic acid construct having enhanced immuno.slinn.la.ory efficacy 
and stimulating a protective or therapeutic immune response in the subject. Preferably, 
the nucleic acid construct contains a promoter that firnctions in eukaryotic cells and a 
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nucleic acid sequence thai encodes an antigen to which the immune response is direct 
toward. Ahematively, an antigen can be admininstcred simulataneously {e.g., admixture) 
with the nucleic acid construct. 

In another embodiment, the invention provides a method for enhancing the expression 
5 of a therapeutic polypeptide in vivo wherein the polypeptide is encoded by a nucleic acid 
contained in a nucleic acid construct. The method includes determining the CpG-N and 
CpG-S motifs present in the construct, optionally removing stimulatory CpG (CpG-S) 
motifs and/or inserting neutralizing CpG (CpG-N) motifs, thereby producing a nucleic 
acid construct providing enlianced expression of the therapeutic polypeptide, 

1 0 In yet another embodiment, the inventiorr provides a method for enhancing the 
expression of a therapeutic polypeptide in vivo. The method includes administering to 
a subject a nucleic acid construct, wherein the construct is produced by determining the 
CpG-N and CpG-S motifs present in the construct and optionally removing stimulatory 
CpG (CpG-S) motifs and/or inserting neutralizing CpG (CpG-N) motifs, thereby 

1 5 enhancing expression of the therapeutic polypeptide in the subject. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic diagram of the construction of pUK2NAI. 

Figure 2 is a schematic diagram of the construction of pUK21-A2. 
Figure 3 is a schematic diagram of the construction of pUK21-A. 
20 Figure 4 is a schematic diagram of the construction of pMAS. 

Figure 5 is a diagram of DNA vector pMAS. The following features are contained 
within pMAS. CMV promoter which drives expression of inserted genes in eukaryotic 
cells. BGH polyA for polyadenylation of transcribed mRNAs. ColEl origin of 
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replication for high copy number growth in E. coli. Kanamycin resistance gene for 
selection in Kcoli. Polylinker for gene cloning. Unique restriction enzyme sites Dra\- 
BstRl-Scal-Avall-HpaU for inserting immune stimulatory sequences. 

Figure 6 shows the effect of adding S-ODN to plasmid DNA expressing reporter gene 
5 or antigen. ODN 1826 (10 or 100 ng) was added to DNA constructs (10 ^ig) encoding 
hepatitis B surface antigen (HBsAg) (pCMV-S, Figure 6A) or luciferase (pCMV-luc, 
Figure 6B) DNA prior to intramuscular (IM) injection into mice. There was an ODN 
dose-dependent reduction in the induction of antibodies against HBsAg (anti-HBs, end- 
point dilution titers at 4 wk) by the pCMV-S DNA (Figure 6A) and in the amount of 

1 0 luciferase expressed in relative light units per sec per mg protein (RLU/sec/mg protein 
at 3 days) from the pCMV-luc DNA (Figure 6B). This suggests that the lower humoral 
response witli DNA vaccine plus ODN was due to decreased antigen expression. Eacli 
bar represents the mean of values derived from 10 animals (Figure 6A) or 10 muscles 
(Figure 6B) ands vertical lines represent the SEM. Numbers superimposed on the bars 

1 5 indicate proportion of animals responding to the DNA vaccine (Figure 6A); all muscles 
injected with pCMV-luc expressed luciferase (Figure 6B). 

Figure 7 shows the interference of ODN with plasmid DNA depends on backbone and 
sequence. Luciferase activity (RLU/sec/mg protein) in mouse muscles 3 days after they 
were injected with 10 ixg pCMV-luc DNA to which had been added no ODN (none = 

20 white bar) or 1 00 ^xg of an ODN, which had one of three backbones: phosphorothioatc 
(S = black ban:: 1628. 1826, 1911, 1982,2001 and 20! 7), phosphodiestcr (O = pale grey 
b:u-: 2061), or a phosphorothioatc- phosphodiestcr chimera (SOS = dark grey bars: 1 585, 
1 844, 1 972, 1 980, 1 98 1 , 20 1 8, 202 1 , 2022, 2023 and 2042). Three S-ODN ( 1 9 1 1 , 1 982 
and 201 7) and two SOS-ODN (1972 and 2042) did not contain any immunostimulatoo' 

25 CpG motifs. One S-ODN (1628) and three SOS-ODN (1585, 1972, 1981) had poly-G 
ends and one SOS-ODN (2042) had a poly-G center. The (*) indicates ODN of identical 
sequence but different backbone: 1 826 (S-ODN), 1 980 (SOS-ODN) and 206 1 (O-ODN). 
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All S-ODN (both CpG and non-CpG) resulted in decreased lucifcrase activity whereas 
SOS-ODN dill nol unless they had poly-CJ sequences. 

Figure 8 shows the effect of temporal or spatial separation of plasmid DNA and S-ODN 
on gene expression. Luciferase activity (RLU/sec/mg protein) in mouse muscles 3 or 14 
5 days after they were injected with 10 ixg pCN4V-luc DNA. Some animals also received 
10 fig CpG-S ODN which was mixed with the DNA vaccine or was given at the same 
time but at a different site, or was given 4 days prior to or 7 days after the DNA vaccine. 
Only when the ODN was mixed directly with the DNA vaccine did it interfere with gene 
expression. 

10 

Figure 9 shows the enhancement of in vivo immune effects with optimized DNA 
vaccines. Mice were injected with 1 0 >ug of pUK-S (black bars), pMAS-S (white bars), 
pMCGl 6-S (pale grey bars) or pMCG50-S (dark grey bars) plasmid DNA bilaterally (50 
Ml at 0. 1 mg/ml in saline) into the TA muscle. Figure 9A shows the anti-HBs antibody 
1 5 response at 6 weeks (detected as described in methods). Bars represent the group means 
(n=5) for ELISA end-point dilution titers (performed in triplicate), and vertical lines 
represent the standard errors of the mean. The numbers on the bars indicate the ratio of 
IgG2a:IgGl antibodies at 4 weeks, as determined in separate assays (also in triplicate) 
using pooled plasma. Figure 93 shows the cytotoxic T lymphocyte activity in 

20 specifically restimulated (5 d) splenocytes taken from mice 8 wk after DNA 
immunization. Bars represent the group means (n=3) for % specific lysis (performed in 
triplicate) at an cffcctontargcl (E:T) ratio of 10:1, dots represent the individual values. 
Non-specific lytic activity detem:iined with non-antigen-presenting target cells, which 
never exceeds 10%, has been subtracted from values with HBsAg-expressing target cells 

25 to obtain % specific lysis values. 

Figure 1 0 shows induction of a Th2-like response by a CpG-N motif and inhibition of the 
ThMike response induced by a CpG-S motif. Anti-HBs antibody titers (IgG 1 and IgG2a 
subclasses) in BALB/c mice 12 weeks after IM immunization with recombinant HBsAg, 
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Which was given alone (none) or with 10 stimulatory ODN (1826), 10 ;.g of 
neutralizing ODN (1631, CGCGCGCnrnrG CGCnrnrn. ,984 
TCCATGCCGTTCCTGCCGTr; or 2010 GCGGCGGGCGGCGCGCGCCC; CpG 
dinueleotides are underlined for clarity) or with 10 ^g stimulatory ODN + 10 ^g 
5 neutralizing ODN. To improve nuclease resistance for these in vi.o experiments, all 
ODN were phosphorothioate-modified. Each bar represents the group mean (n=l 0 for 
none; n=15 for //1 826 and „^^5 for all other groups) for an.i-MBs antibody tilers as 
determined by end-point dilution ELISA assay. Black portions of bars indicate antibodies 
of IgGl subclass (Th2-like) and grey portions indicate IgG2a subclass (Thl-like). The 
1 0 numbers above each bar indicate the IgG2a/lgG 1 ratio where a ratio > 1 than indicates a 
predominantly Thl-like response and a ratio <1 indicates a predominantly Th2-like 
response (a value of 0 indicates a complete absence of IgG2a antibodies). 

Figure ] 1 shows enhancement of in vivo immune effects with optimized DNA vaccines 
Mice were injected with 1 0 of pUK-S (black bars). pMAS-S (white bars). pMCG 1 6-S 
1 5 (pale grey bars) or pMCG50-S (dark grey bars) plasmid DNA bilaterally (50 ^1 at 0 1 
mg/ml in saline) into the TA muscle. J>ancl A: The anti-lIBs antibody response at 6 
weeks (detected as described in methods). Bars represent the group means (n=5) for 
ELISA end-point dilution titers (performed in triplicate), and vertical lines represent the 
standard errors of the mean. The numbers on the bars indicate the ratio of IgG^a lgGl 
20 antibodies at 4 weeks, as detem^ined in separate assays (also in triplicate) using pooled 
plasma. Panel B: Cytotoxic T lymphocyte activity in specifically restimulated (5 d) 
splenoeytes taken from mice 8 wk after DNA immunization. Bars represent the group 
means (n-3) for % specific lysis (performed in triplicate) at an effeetontarget (E:T) ratio 
of 10:1 . dots represent the individual values. Non-specific lytic activity determined with 
25 non-antigen-presenting target cells, which never exceeds 1 0-/0. has been subtracted from 
values with HBsAg-expressing target cells to obtain % specific lysis values. 
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DETAILED DESCRirTION OF THE INVENTION 

The present invention provides vectors for immunization or therapeutic purposes based 
on the presence or absence of CpG dinucleotide immunomodulating motifs. For 
immunization purposes, immunostimulatory motifs (CpG-S) are desirable while 
5 immunoinhibitory CpG motifs (CpG-N) are undesirable, whereas for gene therapy 
purposes, CpG-N are desirable and CpG-S are undesirable. Plasmid DNA expression 
cassettes were designed using CpG-S and CpG-N motifs. In the case of DNA vaccines, 
removal of CpG-N motifs and addition of CpG-S motifs should allow induction of a 
more potent and appropriately directed immune response. The opposite approach with 
10 gene therapy vectors, namely the removal of CpG-S motifs and addition of CpG-N 
motifs, allows longer lasting therapeutic effects by abrogating immune responses against 
the expressed protein. 

r 

DNA vaccines 

DNA vaccines have been found to induce potent humoral and cell-mediated immune 
1 5 responses. These are frequently Thl -like, especially when the DNA is administered by 
intramuscular injection (Davis, H.L. (1998) Gene-based Vaccines. In: Advanced Gene 
Delivery: From Concepts to Pharmaceutical Products (Ed. A. Rolland), Harwood 
Academic Publishers (in press); Donnelly et aL, Life Sciences 60:163, 1997; Donnelly 
etal, Ann Rev. Immunol. 15:617, 1997; Sato et al. Science TJl'^'iSl, 1996). Most DNA 
20 vaccines comprise antigen-expressing plasmid DNA vectors. Since such plasmids are 
produced in bacteria and then purified, they usually contain several unmethylated 
mimunostimulatory CpG-S motifs. There is now convincing evidence that the presence 
of such motifs is essential for the induction of immune responses with DNA vaccines 
(see Kricg e( ai. Trends Microbiology. 6: 23-27, 1998). For example, it has been shown 
25 that removal or methylation of potent CpG-S sequences from plasmid DNA vectors 
reduced or abolished the in vitro production of Thl cytokines (e.g., EL- 12, IFN-a, IFN-y) 
from monocytes and the in vivo antibody and CTL response against an encoded antigen 
(p-galactosidase) (Sato et ai, 1996, supra\ Klinman et al,J, Immunol 158: 3635-3639 
(1997). Potent responses could be restored by cloning CpG-S motifs back into the vectors 
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(Sato et ai, 1996, supra) or by coadministering CpG-S ODN (Klinmaii et ai, 1997, 
supra). The humoral response in monkeys to a DNA vaccine can also be augmented by 
the addition of £. coli DNA (Gramzinski et ai, Molec. Med. 4: 109-1 19, 1998). It has 
also been shown that the strong Thl cytokine pattern induced by DNA vaccines can be 
obtained with a protein vaccine by the coadministration of empty plasmid vectors 
(Leclerc et al.. Cell Immunology. 170: 97-106, 1997). 

The present invention shows that DNA vaccine vectors can be improved by removal of 
CpG-N motifs and further improved by the addition of CpG-S motifs, hi addition, for 
high and long-lasting levels of expression, the optimized vector should preferably include 
a promoter/enhancer, which is not down-regulated by the cytokines induced by the 
imniunostimulatory CpG motifs. 



It has been shown that the presence of unmethylated CpG motifs in the DNA vaccines 
is essential for the induction of immune responses against the antigen, which is expressed 
only in veiy small quantities (Sato ./ al. 1 996, Klinman ai, 1 997, supra). As such, the 
15 DNA vaccine provides its own adjuvant in the fomi of CpG DNA. Since single-stranded 
but not double-stranded DNA can induce immunostimulation in vitro, the CpG adjuvant 
effect or DNA vaccines in vivo is likely due to oligonucleotides resulting from plasmid 
degradation by nucleases. Only a small portion of the plasmid DNA injected into a 
muscle actually enters a cell and is expressed; the majority of the plasmid is degraded in 
20 the extracellular space. 

The present invention provides DNA vaccine vectors ftirther improved by removal of 
undesirable immunoinhibitory CpG motifs and addition of appropriate CpG 
immunostimulatoo' sequences in the appropriate number and spacing. The correct choice 
of xmmunostimulatory CpG motifs could allow one to preferentially augment humoral 
25 or CTL responses, or to preferentially induce certain cytokines. 

The optimized plasmid cassettes of the invention are ready to receive genes encoding any 



particular antigen or group of antigens or antigenic epitopes. One of skill i 



m the art can 
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crcalc CMsscKcs to prcfcrcnliiilly induce certain types of imnuinity, anil the choice of 
which cassette to use would depend on the disease to be immunized against. 

The exact inimunostimulatory CpG motif(s) to be added will depend on the ultimate 
purpose of the vector. If it is to be used for prophylactic vaccination, preferable motifs 
5 stimulate humoral and/or cell-mediated immunity, depending on what would be most 
protective for the disease in question. It the DNA vaccine is for therapeutic purposes, 
such as for the treatment of a chronic viral infection, then motifs which preferentially 
induce cell-mediated immunity and/or a particular cytokine profile is added to the 
cassette. 

1 0 The choice of motifs also depends on the specjes to be immunized as different motifs are 
optimal in different species. Thus, there would be one set of cassettes for humans as well 
as cassettes for different companion and food-source animals which receive veterinary 
vaccination. There is a very strong correlation between certain in vitro 
immunostimulatory effects and in vivo adjuvant effect of specific CpG motifs. For 

1 5 example, the strength of the humoral response correlates very well (r > 0.9) with the in 
vitro induction of TNF-a, IL-6, IL-12 and B-cell proliferation. On the other hand, the 
strength of the cytotoxic T-cell response correlates well with in vitro induction of IFN-y. 

Since the entire purpose of DNA vaccines is to enhance immune responses, which 
necessarily includes cytokines, the preferred promoter is not dowTi-regulated by 

20 cytokines. For example, the CMV immediate-early promoter/enhancer, which is used 
in almost all DNA vaccines today, is turned off by IFN-a and EFN-y (Gribaudo et al^ 
Virology, 197: 303-311, 1993; Harms 8l Splitter, Human Gene Ther, 6: 1291-1297, 
1995; Xiang et aL, Vaccine, 15: 896-898, 1997). Another example is the down- 
regulation of a hepatitis B viral promoter in the liver of HBsAg-expressing transgenic 

25 mice by IFN-y and TNF-a (Guidotti et al, Proc, Natl Acad Sci, USA. 91 : 3764-3768, 
1994). 
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Nevertheless, such viral promoters may still be used for DNA vaccines as they are very 
strong, they work in several cell types, and despite the possibility of promoter tum-off, 
the duration of expression with these promoters has been shown to be sufficient for use 
in DNA vaccines (Davis et ai. Human Molec. Genetics. 2: 1847-1851, 1993). The use 
5 of CpG-optimized DNA vaccine vectors could improve immune responses to antigen 
expressed for a limited duration, as with these viral promoters. When a strong viral 
promoter is desired, down-regulation of expression may be avoidable by choosing CpG-S 
mollis that do not induce the cytokine(s) that affect the promoter (Harms and Splitter, 
1 995 supra). 

10 Other preferable promoters for use as described herein are eukai^otic promoters. Such 
promoters can be cell- or tissue-specific. Preferred cells/tissues for high antigen 
expression are those which can act as professional antigen presenting cells (APC) {e.g., 
macrophages, dendritic cells), since these have been shown to be the only cell types thai 
can induce immune responses following DNA-based immunization (Ulmer et ai, 1 996; 

15 Corre/a/., J. Exp. Med., 184, 1555-1560, 1996; Doe etal.,Proc. Natl. Acad. Sci. USA, 
93, 8578-8583, 1996; Iwa.saki at ai, J. Immunol., 159: I 1-141998). Examples of such 
a promoter are the mammalian MHC I or MHC II promoters. 

The invention also includes the use of a promoter whose expression is up-regulated by 
cytokines. An example of this is the mammalian MHC I promoter that has the additional 
20 advantage of expressing in APC, which as discussed above is highly desirable. This 
promoter has also been shown to have enhanced expression with IFN-y (Harms & 
Splitter, 1995, jM/.r<j). ' 

After intramuscular injection of DNA vaccines, muscle fibers may be efficiently 
transfected and produce a relatively large amount of antigen that may be secreted or 
25 otherwise released {e.g., by cytolytic attack on the antigen-expressing muscle fibers) 
(Davis ai. Current Opinions Biotech. 8: 635-640. 1997). Even thougit nnligcn- 
cxpressing nm.scic libers do not appear to induce immune responses from the point of 
view of antigen presemation, B-cells must meet circulating antigen to be activated, it is 
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possible that antibody responses are augmented by antigen secreted or otherwise released 
from other cell types {e.g,, myofibers, keratinocytes). This may be particularly true for 
conformational B-cell epitopes, which would not be conserved by peptides presented on 
APC. For this purpose, expression in muscle tissue is particularly desirable since 
5 myofibers arc post-mitotic and the vector will not be lost through cell-division, thus 
antigen expression can continue until the antigen-expressing cell is destroyed by an 
immune repsonse against it. Thus, when strong humoral responses are desired, other 
preferred promoters are strong muscle-specific promoters such as the human muscle- 
specific creatine kinase promoter (Bartlett ei al, 1996) and the rabbit B-cardiac myosin 
10 heavy chain (full-length or truncated to 781 bp) plus the rat myosin light chain 1/3 
enhancer. 

In the case of DNA vaccines with muscle- or other non-APC tissue-specific promoters, 
it may be preferable to administer it in conjunction with a DNA vaccine encoding the 
same antigen but under the control of a promoter that will work strongly in APC (e.^., 
1 5 viral promoter or tissue specific for APC). In this way, optimal immune responses can 
be obtained by having good antigen prescntafion as well as sufficient antigen load to 
stimulate B-cells. A hybrid construct, such as the B-actin promoter with the CMV 
enhancer (Niwa et al, Gene, 108: 193-199, 1991) is also desirable to circumvent some 
of the problems of strictly viral promoters. 

20 While DNA vaccine vectors may include a signal sequence to direct secretion, humoral 
and cell-mediated responses are possible even when the antigen is not secreted. For 
example, it has been found in mice immunized with hepatitis B surface antigen (HBsAg)- 
expressing DNA that the appearance of anti-HBs antibodies is delayed for a few weeks 
if the HBsAg is not secreted (Michel et al, 1995). As well, antibodies are induced in 

25 rabbits following IM immunization with DNA containing the gene for cottontail rabbit 
papilloma virus major capsid protein (LI), which has a nuclear localization signal 
(Donnelly et ai, 1996). hi these cases, the B-cells may not be ftilly activated until the 
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expressed antigen is released from trnnsfected muscle (or other) cells upon lysis by 

antigen-speci fi c CTL. 

Preferably, the CpG-S mot.fs in the construct include a motif having the formula: 

5'X,CGX, 3' 

5 wherein at least one nucleotide separates consecutive CpGs, X. is adenine, guanine or 
thymme and X, is cytosine, thymine, or adenine. Exemplary CpG-S oligonucleotide 
mot,fs include GACGTT, AGCGTT. AACGCT. GTCGTT and AACGAT Another 
ohgonucleotide useil^l in the construct contains TCAACGTT. Further exemplary 
ohgonuclcotidcs of the invention contain GTCG(T/C)T, TGACGTf TGTCG(T/C)T 
1 0 TCCATGTCGTTCCTGTCGTT (SEQ ID NO: 1 ), TCCTG ACGTTCCTGACGrr (SEQ 
ID NO:2) and TCGTCGTTTTGTCGTTTTGTCGTT (SEQ ID NO:3|. 

Preferably CpG-N motifs contain direct repeats of CpG dinucleotidcs CCG 
truu.clcotidc.s, CGG .rint.clco.idcs, CCXIG .ctrnnuclco.idcs, CCJCG .c.ra.u.clco.idcs or 
a combmation of.my of U.esc „.oUfs. In addition, the neutralizing motifs of the invention 
15 may mclude oligos that contain a sequence motif that is a poly-G motif, which may 
contam at least about four Gs in a row or two G trimers, for example (Yaswen al 
Annsense Research and Development 3:67, 1993; Burgess e, aL PNAS92A051, 1995). 

In the present invention, the nucleic acid construct is preferably an expression vector 
Th. term "expression vector" refers to a plasmid, virus or other vehicle known in the art 
that has been manipulated by insertion or incorporation of genetic coding sequences 
Polynucleotide .sequence which encode polypeptides can be operatively linked to 
expression control sequences. 

"Operatively linked" refers to a juxtaposition wherein the components so described are 
.n a relationship permitting them to function in their intended mam^er. An expression 
control sequence operatively linked to a coding sequence is ligated such that expression 
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of the coding sequence is achieved under conditions compatible with the expression 
control sequences. As used herein, the term "expression control sequences" refers to 
nucleic acid sequences that regulate the expression of a nucleic acid sequence to which 
it is operatively linked. Expression control sequences are operatively linked to a nucleic 
5 acid sequence when the expression control sequences control and regulate the 
transcription and, as appropriate, translation of the nucleic acid sequence. Thus 
expression control sequences can include appropriate promoters, enhancers, transcription 
terminators, a start codon (/.(•.. ATG) in front of a protein-encoding ycnc, splicing signal 
for introns, maintenance of Uie correct reading frame of that gene to permit proper 
1 0 translation of mRNA, and stop codons. 

The term "control sequences" is intended to include, at a minimum, components whose 
presence can inHuence expression, and can also include additional components whose 
presence is advantageous, for example, leader sequences and fusion partner sequences. 
Expression control sequences can include a promoter. 

1 5 The nucleic acid construct of the invention may include any of a number of suitable 
transcription and translation elements, including constitutive and inducible promoters, 
transcription enhancer elements, transcription terminators, etc. may be used in the 
expression vector (see e.g.. Bitter et al., 1987, Methods in Enzymology 153:516-544). 
When cloning in mammalian cell systems, promoters derived from the genome of 

20 mammalian cells {e.g., metal lothionein promoter) or from mammalian viruses (e.g., the 
retrovirus long terminal repeat; the adenoviral late promoter; the vaccinia virus 7.5K 
promoter) may be used. Promoters produced by recombinant DNA or synthetic 
techniques may also be used to provide for transcription of the inserted polypeptide 
coding sequence. 

25 Manimalian cell systems vviiich ulili/.c recombinant viruses or viral elements to direct 
expression may be engineered. For example, when using adenovirus expression vectors, 
the polypeptide coding sequence may be ligated to an adenovirus transcription/- 
translation control complex, e.g., the late promoter and tripartite leader sequence. 
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Alternatively, the vaccinia via.s 7.5K promoter may be used. (e.g. , see, Mackett c, ai, 
1 982, />roc. Natl. Acad. Sci. USA 79: 7415-7419; Mackett etai, 1984,7. Virol. 49: 857- 
864; Panicali c, al., 1982. Proc. Noll Acad Sci. USA 79: 4927-4931). Of particular 
inlerc.1 arc vectors based on bovine papilloma vims which have the ability to replicate 
5 as extrachromosomal elements (Sarver. et a/. , 1 98 1 , Mol. Cell. Biol: 1 : 486). Shortly 
after entry of this DNA into mouse cells, the plasmid replicates to about 100 to 200 
copies per cell. Transcription of the inserted cDNA does not require integration of the 
plasmid into the hosfs chromosome, thereby yielding a high level of expression. These 
vectors can be used for stable expression by including a selectable marker in the plasmid 
1 0 such as, for example, the neo gene. Alternatively, the retroviral genome can be modified 
for use as a vector capable- of introducing and directing the expression of the gene of 
mterest in host cells (Cone & Mulligan, 1984, Proc. Nad. Acad Sci. USA 81:6349-6353). 
Higli level expression may also be achieved using inducible promoters, including, but not 
limited to, the mctallothionine IIA promoter and heat shock promoters. 

15 The polypeptide that acts as an antigen in the methods described herein refers to an 
.mmunogenic polypeptide antigen, group of antigens or peptides encoding particular 
epitopes. A polynucleotide encoding such antigen(s) is inserted into the nucleic acid 
construct as described herein. For example, a nucleic acid sequence encoding an 
antigenic polypeptide derived fi-om a virus, such as Hepatitis B vims (HBV) (. g HBV 

20 surface antigen), an antigen derived from a pai^site. from a tumor, or a bacterial aiitigen 
.s cloned into the nucleic acid constmct described herein. Virtually any antigen, groups 
of antigens, or antigenic epitopes, can.be used in the constmct. Other antigens, such as 
peptides that mimic nonpeptide antigens, such as polysaccharides, are included in the 
invention. 



25 Gene transfer into eukaryotic cells can be carried out by direct (m vivo) or indirect (/;; 
vuro or ex vivo) means (Miller et al.. A. D. Nature. 357: 455-460. 1992) The DNA 
vector can also be transferred in various forms and formulations. For example, pure 
plasmid DNA in an aqueous solution (also called "naked" DNA) can be delivered by 
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direct gene transfer. Plasniid DNA can also be formulated with cationic and neutral lipids 
(liposomes) (Gregoriadis et al, 1996), microencapsulated (Mathiowitz et al., 1997), or 
encochleated (Mannino and Gould Fogerite, 1995) for either direct or indirect delivery. 
The DNA sequences can also be contained within a viral (e.g., adenoviral, retroviral, 
5 hcrpcsvius, pox virus) vector, which can be used for cither direct or indirect delivery. 

DNA vaccines will preferably be administered by direct (//? vivo) gene transfer. Naked 
DNA can be give by intramuscular (Davis et al., 1993) , intradermal (Raz et al., 1994; 
Condon et al., 1996; Gramzinski el al., 1998), subcutaneous, intravenous (Yokoyama et 
al., 1 996; Liu et al., 1997), intraarterial (Nabel et al., 1993) or buccal injection (Etchart 

10 et al., 1 997; Hinkula et al., 1 997). Plasmid DNA may be coated onto gold particles and 
introduced biolistically with a "gene-gun'' into the epidermis if the skin or the oral or 
vaginal mucosae (Fynan et al. Proc. Natl. Acad Sci. USA 90:1 1478, 1993; Tang et al, 
Nature 356:152, 1992; Fuller, et aL Med PhmatoL 25:236, 1996; Keller et al. 
Cancer Gem Ther., 3:1 86, 1996). DNA vaccine vectors may also be used in conjunction 

1 5 with various delivery systems. Liposomes have been used to deliver DNA vaccines by 
intramuscular injection (Gregoriadis et al, FEES Lett A02:\07. 1997) or into the 
respiratory system by non-invasive means such as intranasal inhalation (Fynan et ai, 
supra). Other potential delivery systems include microencapsulation (Jones et al., 1998; 
Mathiowitz et al., 1997) or cochleates (Mannino et al, 1995, Lipid matrix-based 

20 vaccines for mucosal and systemic immunization. Vaccine Designs: The Subunit and 
Adjuvant Approach, M.F. Powell and M.J. Newman, eds., Pleum Press, New York, 363- 
387), which can be used for parenteral, intranasal (e.g., nasal spray) or oral (e.g., liquid, 
gelatin capsule, solid in food) delivery. DNA vaccines can also be injected directly into 
tumors or directly into lymphoid tissues (e.g., Peyer's patches in the gut wall). It is also 

25 possible to formulate the vector to target delivery to certain cell types, for example to 
APC. Targeting to APC such as dendritic cells is possible through atachment of a 
mannose moiety (dendritic cells have a high density of mannose receptors) or a ligand 
for one of the other receptors found preferentially on APC. There is no limitation as to 
the route that the DNA vaccine is delivered, nor the manner in which it is formulated as 



SUBSTITUTE SHEET (RULE 26) 



I » . 



wo 98/52581 

PCT/US98/10408 



- 18 - 



long as the cells that are transfected can express antigen in such a way that an immune 
response is induced. 

It some cases it may be desirable to cany out ex-vivo gene transfer, in which case a 
number a methods are possible including physical methods such as microinjection 
5 electroportion or calcium phosphate precipitation, or facilitated transfer methods such 
as hposon.es or dendrimers. or through the use of viral vectors. In this case, the 
transfected cells would be subsequently administered to the subject so that the antigen 
they expressed could induce an immune response. 

Nucleotide sequences in the nucleic acid construct can be intentionally manipulated to 
10 produce CpG-S sequences or to reduce the number of CpG-N sequences for 
•mmumzation vectors. For example, site-directed mutagenesis can be utilized to produce 
a des>red CpG motif Alternatively, a particular CpG motif can be synthesized and 
mserted into the nucleic acid construct. Further, one of skill in the art can produce 
double-stranded CpG oligos that have self-complcmcntao' ends that can be ligatcci 
15 .ogc.hcr ,0 form long chains or concalcn^crs that can be ligated into a plasnud for 
example. It will be apparent that the number of CpG motifs or CpG-containing oligos 
that can be concatenated will depend on the length of the individual oligos and can be r- 
ead.]y detennined by those of skill in the art without undue experimentation. After 
formafon of concatemers, multiple oligos can be cloned into a vector for use in the 
20 methods of the invention. 

In one embodiment, the invention provides a method for stimulating a protective immune 
response in a subject. The method includes administering to the subject an 
.mmunomostimulatory effective amount of a nucleic acid construct produced by 
removmg neutralizing CpG (CpG-N) motifs and optionally inserting stimulatory CpG 
(CpG-S) motifs, thereby producing a nucleic acid constn^ct having enhanced 
■mmunostimulntoo. efficacy and stimulating a protective immune response in the subject 
The construct typically further includes regulatory sequences for expression of DNA in 
eukaryotic cells and nucleic acid sequences encoding at least one polypeptide 
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It is envisioned thai methods of the present invention ean be used (o prevent or treat 
baelcriaK viral, parasilie or other disease states, ineluding tumors, in a subjeet. The 
subjecl can be a human or may be a non-human such as a pig, cow, sheep, horse, dog, 
cat, fish, chicken, for example. Generally, the tcnns "treating," ''treatment,'' and the like 
5 are used herein to mean obtaining a desired pharmacologic and/or physiologic effect. 
The effect may be prophylactic in terms of completely or partially preventing a particular 
infection or disease bacterial, viral or parasitic disease or cancer) or sign or 

symptom thereof, and/or may be therapeutic in terms of a partial or complete cure for an 
infection or disease and/or adverse effect attributable to the infection or disease. 
10 "Treating" as used herein covers any treatment of (e.g., complete or partial), or 
prevention of, an infection or disease in a non-human, such as a mammal, or more 
particularly a human, and includes: 

(a) preventing the disease from occurring in a subject that may be at risk of 
becoming infected by a pathogen or that may be predisposed to a disease 

1 5 i<^ g '> cancer) but has not yet been diagnosed as having it; 

(b) inhibiting the infection or disease, i.e., arresting its development; or 

(c) relievingor ameliorating the infection or disease, i.e., cause regression of 
the infection or disease. 



Delivery of polynucleotides can be achieved using a plasmid vector as described herein, 
20 that can be administered as "naked DNA" (/.e., in an aqueous solution), formulated with 
a delivery system (e.^., liposome, cochelates, microencapsulated), or coated onto gold 
particles. Delivery of polynucleotides can also be achieved using recombinant 
expression vectors such as a chimeric virus. Thus the invention includes a nucleic acid 
construct as. described herein as a pharmaceutical composition useful for allowing 
25 transfection of some cells with the DNA vector such that antigen will be expressed and 
induce a protective (to prevent infection) or a therapeutic (to ameliorate symptoms 
attributable to infection or disease) immime response. The pharmaceutical compositions 
according to the invention are prepared by bringing the construct according to the present 
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mvent,on into a fonn suitable for administration to a subject using solvents, earners 
dehvery systems, exeipients, and additives or auxiliaries. Frequently used solvents 
mclude sterile water .u.d .saline (buffered or not). A frequently used can-icr include.s gold 
part.cles, which are delivered bioiistically (/..., under gas pressure). Other frequently 
5 used carriers or deliveo' systems include cationic liposomes, cochleates and 
microcapsules, which may be given as a liquid, solution, enclosed within a delivery 
capsule or incorporated into food. 

TT.e phaxniaceutical compositions are preferably prepared and administered in do.se units 
Liqmd dose units would be injectable solutions or nasal sprays or liquids to be instilled 
1 0 (e.g., mto the vagina) or swallowed or applied onto the skin (e.g. , whh allergy tines, with 
tattoo needles or with a dermal patch). Solid dose units would be DNA-coated gold 
particles, creams applied to the skin or formulations incorporated into food or capsules 
or embedded under the skin or mucosae or pressed into the skin (e.g. , with allergy tines) 
Different doses will be required depending on the activity of the compound, fon. and 
1 5 formulation, manner of administration, and age or size of patient (/.e., pediatric vensus 
adult), puToosc (prophylactic vs therapeutic). Doses will be given at appropriate intervals 
separated by weeks or months, depending on the application. Under certain 
Circumstances higher or lower, or more frequent or less frequent doses may be 
appropriate. The administration of a dose at a single time point may be carried out as a 
20 smgle administration or a multiple administiBtion (e.g., several sites with gene-gun or for 
mtradermal injection or different routes). 
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Whether the pharmaceutical composition is delivered locally or systemically, it will 
induce systemic immune responses. By "therapeutically effective dose" is meant the 
quantity of a vector or construct according to the invention necessary to induce an 
immune response that can prevent, cure, or at least partially arrest the symptoms of 
5 the disease and its complications. Amounts effective for this will of course depend on 
the mode of administration, the age of the patient (pediatric versus adult) and the 
disease state of the patient. Animal models may be used to determine effective doses 
for the induction of particular unmune responses and in some cases for the prevention 
or treatment of particular diseases. 

1 0 The term "effective amount" of a nucleic acid molecule refers to the amount necessary 
or sufficient to realize a desired biologic effect. For example, an effective amount of a 
nucleic acid construct containing at least one unmethylated CpG for treating a disorder 
could be that amount necessary to induce an immune response of sufficient magnitude 
to eliminate a tumor, cancer, or bacterial, parasitic, viral or ftingal infection. An effective 

1 5 amount for use as a vaccine could be that amount useflil for priming and boosting a 
protective immune response in a subject. The effective amount for any particular 
application can vary depending on such factors as the disease or condition being treated, 
the particular nucleic acid being administered (e.g. the number of unmethylated CpG 
motifs (-S or -N) or their location in the nucleic acid), the size of the subject, or the 

20 severity of the disease or condition. One of ordinary skill in the art can empirically 
determine the effective amount of a particular oligonucleotide without necessitating 
undue experimentation. An effective amount for use as a prophylactic vaccine is that 
amount useful for priming and boosting a protective immune response in a subject. 

In one embodiment, the invention provides a nucleic acid construct containing CpG 
25 motifs as described herein as a pharmaceutical composition useful for inducing an 
immune response to a bacterial, parasitic, fungal, viral infection, or the like, or to a tumor 
in a subject, comprising an immunologically effective amount of nucleic acid construct 
of the invention in a pharmaceutical ly acceptable carrier. "Administering" the 
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phaminccutical composition of the present invention may be accomplished by aiy means 
known to the skilled artisan. By "subject" is meant any animal, preferably a mammal 
most preferably a human. The tem. "immunogenicaiiy effective amount." as used in 
descnbmg the invention, is meant to denote that amount of nucleic acid construct which 
5 .s necessao' to induce, in an animal, the production of a protective immune response to 
the bacteria, fungus, virus, tumor, or antigen in general. 

In addition to the diluent or carrier, such compositions can include adjuvants or 
additional nucleic acid constructs that express adjuvants such as cytokines or co- 
stimulatory molecules. Adjuvants include CpG motifs such as those described in co- 
10 pending application Serial No. 09/030,701. 

The method of the invention also includes slow release nucleic acid delivery systems 
such as microencapsulation of the nucleic acid constructs or incorporation of the 
nucleic acid constructs into liposomes. Such particulate delivery systems may be taken 
up by the liver and spleen and are easily phagocytosed by macrophages. These 
1 5 delivery systems also allow co-cntrapnienl of other immunomodulatory n,olecules, or 
nucleic acid constructs encoding other immunomodulatory molecules, along with the 
antigen-encoding nucleic acid construct, so that modulating molecules may be 
delivered to the site of antigen synthesis and antigen processing, allowing modulation 
of the immune system towards protective responses. 

20 Many different techniques exist for the timing of the immunizations when a multiple 
immunization regimen is utilized. It is possible to use the antigenic preparation of the 
invention more than once to increase the levels and diversity of expression of the 
immune response of the immunized animal. Typically, if multiple immunizations are 
given, they will be spaced about four or more weeks apart. As discussed, subjects in 

25 which an immune response to a pathogen or cancer is desirable include humans, dogs, 
cattle, horses, deer. mice, goats, pigs, chickens, fish, and sheep. 
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Examples of infectious virus to which stimulation of a protective immune response is 
desirable include: Reiroviridae {e.g., human immunodeficiency viruses, such as HIV-l 
(also referred to as HTLV-III, LAV or HTLV-III/LAV, or HIV-IIl; and other isolates, 
such as HIV-LP; Picornaviridae (e.g., polio viruses, hepatitis A virus; enteroviruses, 
5 human coxsackie viruses, rhinoviruses, echoviruses); Calciviridae {e.g., strains that cause 
gastroenteritis); Togaviridae {e.g., equine encephalitis viruses, rubella viruses); 
Flavihdcw (e.g., dengue viniscs, encephalitis viruses, yellow fever viniscs); 
Conmaviridac {e.g., coronaviruses); RhahdovirUlac {e.g., vesicular stomatitis viruses, 
rabies viruses); Filoviridae {e.g., cbola viruses); Paramyxoviridae {e.g., parainfluenza 

1 0 vimscs, mumps virus, measles vims, respiratory syncytial virus); Orthomyxoviridae {e.g., 
influenza viruses); Bimgaviridae {e.g., Hantaan viruses, bunga viruses, phleboviruses and 
Nairo viruses); Arena viridae (hemorrhagic fpver viruses); Reoviridae {e.g., reoviruses, 
orbiviurses and rotaviruses); Birnaviridae; Hepadnaviridae (Hepatitis B virus); 
Parvoviridae (parvoviruses); Papovaviridae (papilloma viruses, polyoma viruses); 

1 5 Adenovihdae (most adenoviruses); Herpesviridae (herpes simplex virus (HSV) 1 and 2, 
varicella zoster virus, cytomegalovirus (CMV), herpes viruses'); Poxviridae (variola 
viruses, vaccinia viruses, pox viruses); and Iridoviridae {e.g., African swine fever virus); 
and unclassified viruses {e.g., the etiological agents of Spongiform encephalopathies, the 
agent of delta hcpatitics (thought to be a defective satellite of hepatitis B virus), the 

20 agents of non-A, non-B hepatitis (class 1 = internally transmitted; class 2 = parenterally 
transmitted {i.e., Hepatitis C); Norwalk and related viruses, and astroviruses). 

Examples of infectious bacteria to which stimulation of a protective immune response 
is desirable include: Helicobacter pylons, Borellia burgdorferi, Legionella 
pneumophilia, Mycobacteria sps (e.g. M. tuberculosis, M. avium, M intracellulare, M. 
25 kansaii, M gordonae\ Staphylococcus aureus. Neisseria gonorrhoeae. Neisseria 
meningitidis. Listeria monocytogenes. Streptococcus pyogenes (Group A Streptococcus), 
Streptococcus agalactiae (Group B Streptococcus), Streptococcus (viridans group). 
Streptococcus faccalis, Streptococcus bovis. Streptococcus (anaerobic sps.). 
Streptococcus pneumoniae, pathogenic Campylobacter sp,, Enterococcus sp,. 
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Hacuophilus influenzae. Bacillus antracis, corynebacierium diphtheriae 
cnrynahnccriun, sp, Erysip.lo,l,ri. rhusiopa.hiar. Closiridiun, pcr/rin,crs, CInsn idiun, 
tclani, Enterobacier aero^encs, Klebsiella pneumoniae, Pasturella multocida 
Bacteroides sp.. Fusobacterium nucleatum, Streplobacillus moniliformis. Treponema 
5 pallidium, Treponema pertenue. Leptospira, and Actinomyces israelii. 

Examples of infectious fungi to which stimulation of a protective immune response is 

desirable include: Cryptococcus neoformans, Histoplasma capsulatum, Coccidioides 

immitis, Blastomyces dermatitidis, Chlamydia trachomatis. Candida albicans. Other 

mfectious organisms (/.e.. protists) include: Plasmodium fldciparum and Toxopla.sma 
1 0 gondii. 

An "immunostimuiatoiy nucleic acid molecule" or oHgonucleotide as used herein refers 
to a nucleic acid molecule, which contains an unmethylated cytosine, guanine 
dmucleotide sequence (i.e. "CpG DNA" or DNA containing a cytosine followed by 
guanosme and linked by a phosphate bond) and stimulates (e.g. has a mitogenic effect 
15 on, or mduces or increases cytokine expression by) a vertebrate lymphocyte. An 
•mmunostimulatoiy nucleic acid molecttle can be double-stranded or single-stnmded 
Generally, double-stranded molecules are more stable in vivo, while single-stranded 
molecules may have increased immune activity. 

Unmethylated immunostimulatoiy CpG motifs, either within a nucleic acid construct or 
20 an oligonucleotide, directly activate lymphocytes and co-stimulate antigen-specillc 
responses. A.s such, Ihcy arc fundamentally different fonn ahnninum precipitates (alum) 
cun-ently the only adjuvant licensed for human use, which is thought to act largely 
through adsorbing the antigen thereby maintaining it available to immune cells for a 
longer period. Further, alum cam.ot be added to all types of antigens (e.g., live 
25 attentuated pathogens, some multivalent vaccines), and it induces primarily Th2 type 
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immune responses, namely humoral immunity but rarely CTL. For many pathogens, a 
humoral response alone is insufficient for protection, and for some pathogens can even 
be detrimental. 

In addition, an immunostimulatory oligonucleotide in the nucleic acid construct of the 
5 invention can be administered prior to, along with or after administration of a 
chemotherapy or other immunotherapy to increase the responsiveness of malignant cells 
to subsequent chemotherapy or immunotherapy or to speed the recovery of the bone 
marrow through induction of restorative cytokines such as GM-CSF. CpG nucleic acids 
also increase natural killer cell lytic activity and antibody dependent cellular cytotoxicity 
10 (ADCC). Induction of NK activity and ADCC may likewise be beneficial in cancer 
immunotherapy, alone or in conjunction witKother treatments. 

Cicnc Therapy 

Plasmid or vector DNA may also be useful for certain gene therapy applications. In most 
such cases, an immune response against the encoded gene product would not be 
1 5 desirable. Thus, the optimal plasmid DNA cassette for gene therapy purposes will have 
all possible immunostimulatory (CpG-S) motifs removed and several immunoinhibitory 
(CpG-N) motifs added in. An exemplary vector for gene therapy purposes is described 
in the Examples. 

Despite comparable levels of unmethylated CpG dinucleotides, DNA from serotype 12 

20 adenovirus is immune stimulatory, but serotype 2 is nonstimulatory and can eyen inhibit 

%.. 

activation by bacterial DNA. In type 12 genomes, the distribution of CpG-flanking bases 
is similar to that predicted by chance. However, in type 2 adenoviral DNA the immune 
stimulatory CpG-S motifs are outnumbered by a 15 to 30 fold excess of CpG 
dinucleotides in clusters of direct repeats or with a C on the 5' side or a G on the 3' side. 
25 Synthetic oligodeoxynucleotides containing these putative neutralizing (CpG-N) motifs 
block immune activation by CpG-S motifs in vitro and in vivo. Eliminating 52 of the 134 
CpG-N motifs present in a DNA vaccine markedly enhanced its Thl-like function in 
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Wvo, Which was fimher increased by addition of CpG-S motifs. Thus, depending on the 
CpG motif, prokaryotic DNA can be either immune-stimulatory or neutralizing. These 
results have important implications for understanding microbial pathogenesis and 
molecular evolution, and for the clinical development of DNA vaccines and gene therapy 



5 vectors. 



Gene therapy, like DNA-based immunization, involves introduction of new genes into 
cells of the body, where they will be expressed lo make a desired protein. However, in 
contrast to DNA vaccines, an immune response against the expressed gene product is not 
desired for gene therapy purposes. Rather, prolonged expression of the gene product is 
10 desired to augment or replace the function of a defective gene, and thus immune 
responses against the gene product arc definitely undesirable. 

Plasmid DNA expression vectors are also used for gene therapy approaches. They may 
be preferable to viral vectors (/..., recombinant adenovirus or retrovirus), which 
themselves are immunogenic (Newman, K.D.. et ai, J. Clin. Invest., 96:2955-2965. 
1 5 1 995; Zabner, J., al. . J. Clin. Invest. ,97 A 504- 1511,1 996). Immune responses directed 
against such vectors may interfere with successful gene transfer if the same vect(,r is used 
more than once. Double-stranded DNA h poorly immunogenic (Pisetsky, D. S.lntisensc 
Res. Devel. 5: 219-225. 1995; Pisetsky, D. S.JInw^unol. 156: 421-423, 1996), and thus 
from this perspective, repeated use is not a problem with plasmid DNA. 

20 Nevertheless, even when gene transfer is carried out with plasmid DNA vectors, 
expression of the introduced gene is often short-lived and this appears to be due to 
immune responses against the expressed protein (Miller. A. D. Nature. 357: 455-460. 
1 992; Lasic, D. D., and Templeton, N. S. Advanced Drug Delivery Review. 20: 22 1 -266, 
1996). It is not a surprise that expression of a foreign protein, as is the case with gene 

25 replacement strategies, induces immune responses. Nevertheless, it is likely that the 
presence of CpG-S motifs aggravates this situation. The finding that removal of CpG-S 
motifs from DNA vaccines can abolish their efficacy suggests that such a strategy may 
prove useful for creating gene therapy vectors where immune responses against the 
encoded protein are undesirable. Furthermore, the more recent discover' of CpG-N 



SUBSTITUTE SHEET (RULE 26) 



wo 9<S/525KI 



PCT/IIS98/10408 



- 27 - 

motifs opens up the possibility of actually abrogating unwanted immune responses 
through incorporating such motifs into gene delivery vectors. In particular, the Th-2 bias 
of CpG-N motifs may prevent induction of cytotoxic T-cells, which are likely the 
primary mechanism for destruction of transfected cells. 

5 In another embodiment, the invention provides a method for enhancing the expression 
of a therapeutic polypeptide in vivo wherein the polypeptide is contained in a nucleic acid 
conslrucl. Tlic construct is produced by removing stimulatory CpG (CpG-S) motifs and 
optionally inserting neutralizing CpG (CpG-N) motifs, thereby producing a nucleic acid 
construct providing enhanced expression of the therapeutic polypeptide. Alternatively, 
10 the invention envisions using the construct for delivery of antisensc polynucleotides or 
ribozymcs. 

Typical CpG-S motifs that are removed from the construct include a motif having the 
formula: 

S'X.CGXjS' 

1 5 wherein at least one nucleotide separates consecutive CpGs, is adenine, guanine, or 
thymine and Xj is cytosine, thymine, or adenine. Exemplary CpG-S oligonucleotide 
motifs include GACGTT, AGCGTT, AACGCT, GTCGTT and AACGAT. Another 
oligonucleotide useful in the construct contains TCAACGTT. Further exemplary 
oligonucleotides of the invention contain GTCG(T/C)T, TGACGTT, TGTCG(T/C)T, 

20 TCCATGTCGITCCTGTCGTT (SEQ ID NO: 1 ), TCCTGACGTTCCTGACGTT (SEQ 
ID NO:2) and TCGTCGTTTTGTCGTTTTGTCGTT (SEQ ID NO:3). These motifs can 
be removed by site-directed mutagenesis, for example. 

Preferably CpG-N motifs contain direct repeats of CpG dinucleotides, CCG 
trinucleotides, CGG trinucleotides, CCGG tetranucleotides, CGCG tetranucleotides or 
25 a combination of any of these motifs. In addition, the neutralizing motifs of the 
invention may include oligos that contain a sequence motif that is a poly-G motif, which 
may contain at least about four Gs in a row or two G trimers, for example (Yaswen et al, 
Antiseme Research and Development 3:61 , 1993; Burgess et al, PNAS 92:4051, 1995). 
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The present invention provides gene therapy vectors and methods of use. Such therapy 
would achieve its therapeutic effect by introduction of a specific sense or antisense 
polynucleotide into cells or tissues affected by a genetic or other disease. It is also 

possible to introduce genetic sequences into a different cell or tissue than that affected 
5 by the disease, with the aim that the gene product will have direct or indirect impact on 

the diseases cells or tissues. Delivery of polynucleotides can be achieved using a plasmid 

vector as described herein (in "naked" or formulated fonn) or a recombinant expression 

vector (e.g. , a chimeric vector). 

For long-term, high-yield production of recombinant proteins, stable expression is 
10 preferred. Rather than using expression vectors which contain viral origins of 
replication, host cells can' be transformed with a heterologous cDNA controlled by 
appropriate expression control elements {e.g., promoter, enhancer, sequences, 
transcription terminators, polyadenylation sites, etc.), and a selectable marker. The 
selectable marker in a recombinant plasmid or vector confers resistance to the selection 
1 5 and allows cells to stably integrate the plasmid into their chromosomes and grow to form 
foci which in turn can be cloned and expanded into cell lines. For example, following 
the introduction of foreign DNA, engineered cells may be allowed to grow for 1-2 days 
in an enriched media, and then are switched to a selective media. A number of selection 
systems may be used, including but not limited to the heq^es simplex virus thymidine 
20 kinase (Wigler,./ .,/., 1977, Cell U: 223), hypoxanthine-guanine phospho- 
nbosyltransferase (Szybalska & Szybalski. 1962, Proc. Natl. Acad. Sci. USA 48: 2026). 
and adenine phosphoribosyltransferase (Lowy. et a/. , 1 980, Cell 22:817) genes can bJ 
employed in tk-. hgprf or aprf cells respectively. Also, aiUimetabolite resistance can be 
used as the basis of selection for dhfr. which confers resistance to methotrexate (Wigler 
25 et ai, 1980. Natl. Acad. Sci. USA 77: 3567; O'Hare, al., 1981, Proc. Natl Acad Sci. 
USA 78: 1527); gpt, which confers resistance to mycophenolic acid (Mulligan & Berg, 
1981. Proc. Natl. Acad Sci. USA 78: 2072; neo, which confers resistance to the' 
aminoglycoside G-418 (Colberre-Garapin. et ai, 1981. J. Mol Biol. 150: 1); and hygro, 
which confers resistance to hygromycin (Santerre. et al., 1984. Gene 30: 147) genes' 
30 Recently, additional selectable genes have been described, namely trpB. which allows 
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cells lo utilize indole in place of tryptophan; hisD, which allows cells to utilize histinol 
in place of histidine (Hartman & Mulligan, 1 988, Proc. Natl Acad. ScL USA 85: 8047); 
and ODC (ornithine decarboxylase) which confers resistance to the ornithine 
decarboxylase inhibitor, 2-(difluoromethyl)-DL-omithine, DFMO (McConlogue L., 
5 1987, hi: Current Communications in Molecular Biology, Cold Spring Harbor 
Laboratory ed.). 

Various viral vectors which can be utilized for gene therapy as taught herein include 
adenovirus, herpes virus, vaccinia, or, preferably, an RNA virus such as a retrovirus. 
Preferably, the retroviral vector is a derivative of a murine or avian retrovirus. Examples 

10 of retroviral vectors in which a single foreign gene can be inserted include, but arc not 
limited to: Moloney murine leukemia virus (MoMuLV), Harvey murine sarcoma virus 
(l laMuSV), murine mammary tumor virus (MuMTV), and Rous Sarcoma Virus (RSV). 
When the subject is a human, a vector such as the gibbon ape leukemia virus (GaLV) can 
be utilized. A number of additional retroviral vectors can incorporate multiple genes. 

15 All of these vectors can transfer or incorporate a gene for a selectable marker so that 
transduced cells can be identified and generated. 

Therapeutic peptides or polypeptides are typically included in the vector for gene 
therapy. For example, immunomodulatory agents and other, biological response modifiers 
can be administered for incorporation by a cell. The term "biological response 

20 modifiers" is meant to encompass substances which are involved in modifying the 
immune response. Examples of immune response modifiers include such compounds 
as lymphokines. Lymphokines include tumor necrosis factor, interleukins (e.g., IL-2, -4, 
-6,-10 and -12), lymphotoxin, macrophage activating factor, migration inhibition factor, 
colony stimulating factor, and alpha-interferon, beta-intcrfcron, and gamma-interfcron 

25 and their subtypes. Also included are polynucleotides which encode metabolic enzymes 
and proteins, including Factor Vm or Factor DC. Other therapeutic polypeptides include 
the cystic fibrosis transmembrane conductance regulator (e.g., to treat cystic fibrosis); 
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Structural or soluble muscle proteins such as dystrophin (e.^., to treat muscular 
dystrophies); or honnones. In addition, suicide or tumor repressor genes can be utilized 
in a gene therapy vector described herein. 

In addition, antisense polynucleotides can be incorporated into the nucleic acid construct 
5 of the invention. Antisense polynucleotides in context of the present invention includes 
both short .sequences of DNA known as oligonucleotides of usually 1 0-50 bases in length 
ns well as longer sequences of DNA that may exceed the length of the target gene 
sequence itself. Antisense polynucleotides useful for the present invention are 
complementao' to specific regions of a corresponding target mRNA. Hybridization of 
1 0 antisense polynucleotides to their target transcripts can be highly specific as a result of 
complementary base pairing. 

Transcriptional regulatoiy sequences include a promoter region sufficient to direct the 
initiation of RNA synthesis. Suitable eukaiyotic promoters include the promoter of the 
mouse metallothionein I gene (Hamer ./ a!., J. Molec. Appi Genet. 1 : 273 (1 982))- the 
1 5 TK promoter of Heipes virus (McKnight, Cell 31:355 (1 982); the SV40 early promoter 
(Benoist . Nature 290: 304 (1 98 1 ); the Rous sarcoma vims promoter (Gonnan ./ ./ 
I^roc. Nat'l Aca.l. Sc.. USA 79: 6777 (1982); and the cytomegalovirus promoter 
(Foeckmg et al. Gene 45: 101 (1980)) (See also discussion above for suitable 
promoters). 

20 Alternatively, a prok.io'otic promoter, such as the bacteriophage T3 RNA polymei.se 
promoter, can be used to control fusion gene expression if the prokaryotic promoter is 
regulated by a eukaiyotic promoter. : Zhou ./ al.. Mol. Cell. Biol. 10: 4529 (1990); 
Kaufiuan et al., Nucl. Acids Res. 19: 4485 (1 99] ). 

It is desirable to avoid promoters that work well in APC since that could induce an 
25 immune response. Thus, ubiquitous viral promoters, such as CMV. should be avoided 
Promoters specific for the cell type requiring the gene therapy are desirable in many 
•nsumces. For example, with cystic fibrosis, it would be best to have a promoter specific 
for the lung epithelium. Ir, a situation where a particular cell type is used as a platform 
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to produce therapeutic proteins destined for another site (for either direct or indirect 
MCtion), then the chosen promoter should work well in the "factory" site. Muscle is a 
good example for this, as it is post-mitotic, it could produce therapeutic proteins for years 
on end as long as there is no immune response against the protein-expressing muscle 
5 fibers . Therefore, use of strong muscle promoters as described in the previous section 
are particularly applicable here. Except for treating a muscle disease per se, use of 
muscle is typically only suitable where there is a secreted protein so that it can circulate 
and function elsewhere (e.g., hormones, growth factors, clotting factors). 

Administration of gene therapy vectors to a subject, either as a plasmid or as part of a 
10 viral vector can be affected by many different routes. Plasmid DNA can be ''naked" or 
formulated with cationic and neutral lipids (liposomes), microencapsulated, or 
encochleated for either direct or indirect delivery. The DNA sequences can also be 
contained within a viral {e.g., adenoviral, retroviral, herpesvius, pox virus) vector, which 
can be used for either direct or indirect delivery. Delivery routes include but are not 
15 limited to intramuscular, intradennal (Sato, Y. ei aL, Science 273: 352-354, 1996), 
intravenous, intra-arterial, intrathecal, intrahepatic, inhalation, intravaginal instillation 
(Bagarazzi et aL, J. Med PrimatoL 26:27, 1997), intrarectal, intratumor or 
intraperitoneal. 

As much as 4.4 mg/kg/d of antisense polynucleotide has been administered intravenously 
20 to a patient over a course of time without signs of toxicity. Martin, 1 998, *'Early clinical 
trials with GDM91, a systemic oligodeoxynucleotide". In: Applied Oligonucleotide 
Technology, CA. Stein and A.M. Krieg, (Eds.), John Wiley and Sons, Inc., New York, 
NY). Also see Sterling, "Systemic Antisense Treatment Reported," Genetic Engineering 
News 12: 1,28(1992). 

25 Delivery of polynucleotides can be achieved using a plasmid vector as described herein, 
that can be administered as "naked DNA" (/.e., in an aqueous solution), formulated with 
a delivery system (e.g., liposome, cochelates, microencapsulated). Delivery of 
polynucleotides can also be achieved using recombinant expression vectors such as a 
chimeric virus. Thus the invention includes a nucleic acid construct as described herein 
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as a phannaceutical composition useful for allowing transfection of some cells with the 
DNA vector such that a therapeutic polypeptide will be expressed and have a therapeutic 
effect (to ameliorate symptoms attributable to infection or disease). The phannaceutical 
composU.ons according to the invention are prepared by bringing the construct according 
5 to the present invention into a form suitable for administration to a subject using 
solvents, carriers, delivery systems, excipients, and additives or auxiliaries. Frequently 
used solvents include sterile water and saline (buffered or not). One carrier includes gold 
particles, which are delivered biolistically (/.., under gas pressure). Other frequently 
used carriers or delivery systems include cationic liposomes, cochleates and 
10 microcapsules, which may be given as a liquid solution, enclosed within a deliveo' 
capsule or incorporated into food. 

An alternative fom^ulation for the administration of gene therapy vectors involves 
liposomes. Liposome encapsulation provides an alternative formulation for the 
admmistration of polynucleotides and expression vectors. Liposomes are microscopic 
vesicles that consist of one or more lipid bilayers surrounding aqticous compartments 
See. generally, Bakker-Woudenberge/./.. Eur. J. Clin. Microbiol. Infect. Dis P (Suppl 
1): S61 (1993), and Kim, Drugs46: 618 (1993). Liposomes are similar in composition 
to cellular membranes and as a result, liposomes can be administered safely and arc 
i>.c>de,radahlc. Oepcndin, on ,hc mc.hod of preparation, liposo.ncs n.ay be uniia.nclh., 
or „.ult,lamellar, and liposomes can vary in size with diameters ranging from 0.02 pm 
to greater than 10 pm. See. for example. Machy et ai, LIPOSOMES IN CELL 
BIOLOGY AND PHARMACOLOGY (John Libbey 1987). and Ostro et ai. American 
J. Hosp. Pharm. 46: 1576 (1989). 

After intntvenous administration, conventional liposomes are preferentially phagocytosed 
into the reticuloendothelial system. However, the reticuloendothelial system can be 
crcumvented by several methods including saturation with large doses of liposome 
particles, or selective macrophage inactivation by pharmacological means. Claassen ei 
ai, B,oc,um. Biophys. Acta 802: 428 (1984). In addition, incorporation of glycolipid- 
or polycthelene glycol-derivatised phospholipids into liposome membranes has been 



SUBSTITUTE SHEET (RULE 26) 



wo 98/52581 



PCT/US98/10408 



- 33 - 

shown to result in a significantly reduced uptake by the reticuloendothelial system. Allen 
et aL, Biochim. Biophys. Acta 1068: 133 (1991); Allen ct ai, Biochim, Biohys. Acta 
1 150: 9 (1993). These Stealth® liposomes have an increased circulation time and an 
improved targeting to tumors in animals. (Woodle et al, Proc. Amer Assoc. Cancer Res. 
5 33: 2672 1 992). Human clinical trials are in progress, including Phase HI clinical trials 
against Kaposi's sarcoma. (Gregoriadis et al. Drugs 45: 15, 1993). 

Expression vectors can be encapsulated within liposomes using standard techniques. A 
variety of different liposome compositions and methods for synthesis are known to those 
of skill in the art. See, for example, U.S. Patent No. 4,844,904, U.S. Patent No. 
10 5,000.959, U.S. Patent No. 4,863,740, U.S. Patent No. 5,589,466, U.S. Patent No. 
5,580,859, and U.S. Patent No. 4,975,282, all of which arc hereby incorporated by 
reference. 

Liposomes can be prepared for targeting to particular cells or organs by varying 
phospholipid composition or by inserting receptors or ligands into the liposomes. For 
15 instance, antibodies specific to tumor associated antigens may be incorporated into 
liposomes, together with gene therapy vectors, to target the liposome more effectively 
to the tumor cells. See, for example, Zelphati et al, Antisense Research and 
Development 3: 323-338 (1993), describing the use "immunoliposomes" containing 
vectors for human therapy. 

20 In general, the dosage of administered liposome-encapsulated vectors will vary 
depending upon such factors as the patient's age, weight, height, sex, general medical 
condition and previous medical history. Dose ranges for particular formulations can be 
determined by using a suitable animal model. 

In addition to antisense, ribozymes can be utilized with the gene therapy vectors 
25 described herein. Ribozymes are RNA molecules possessing the ability to specifically 
cleave other single-stranded RNA in a manner analogous to DNA restriction 
endonucleases. Through the modification of nucleotide sequences which encode these 
RNAs, it is possible to engineer molecules that recognize specific nucleotide sequences 
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in an RMA molecule and cleave it (Cech, J.Amer.Mcd. .i^m, 260:3030. 1 988). A major 
advantage of this approach is that, because they are sequence-specific, only mRNAs with 
particular sequences are inactivated. 

TTiere are two basic types of ribozymes namely, tetrahymena-iyY>^ (Hasselhoff, Nature, 
5 334:585, 1988) and "hammerhead"-type. Telrahymena-ty^^ ribozymes recognize 
sequences which are four bases in length, while "hammerhead"-type ribozymes recognize 
base sequences 11-18 bases in length. The longer the recognition sequence, the greater 
the likelihood that the sequence will occur exclusively in the target mRNA species. 
Consequently, hammerhead-type ribozymes are preferable to tetrahymena-typ^ 
1 0 ribozymes for inactivatmg a specific mRNA species and 1 8-based recognition sequences 
are preferable to shorter recognition sequences. 

All references cited herein are hereby incorporated by reference in their entirety. The 
following examples are intended to illustrate but not limit the invention. While they are 
typical of those that might be used, other procedures known to those skilled in the art 
1 5 may alternatively be used. 
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EXAMPLE 1 
Cloning of CpG Ontimizcd Plasmid DNA Vectors 
Plasmicis nnd other reagents 

Tilt; cloning vector pUK2I, wliich contains one CollU replication region, kanamycin 
5 resistance gene and poly linker, was provided by Martin Schlccf of Qiagcn Inc. (Qiagcn, 
Hilden, Germany). The expression vector pcDNA3 was purchased from Invitrogen Corp. 
(Carlsbad, USA). E. coli strain DH5a was used as the bacterial host. 

Pwo DNA polymerase, T4 DNA ligase, dNTP and ATP were purchased from Boerhinger 
Mannheim (Mannheim, Germany). T4 DNA polymerase, large fragment of DNA 
10 polymerase I (klenow), T4 DNA polynucleotide kinase, CIP (calf intestinal alkaline 
phosphatase) and restriction enzymes were purchased from New England BioLabs 
(Beverly, USA) and GIBCO BRL (Gaithersburg, USA). General laboratory chemicals 
were from Sigma Chemical Corp. (St. Louis, USA). 

Recombinant DNA techniques 

V 

15 Unless specified otherwise, all recombinant DNA methods were as described by 
Sambrook et ai (1 989). Plasmid DNA was prepared with Qiagcn Plasmid Kits (Qiagen 
Inc). DNA purification was carried out by separating DNA fragments on an agarose gel 
and extracting with QlAquick Gel Extraction Kit (Qiagen Inc). Double-stranded DNA 
sequencing was performed with ABI PRISM automatic sequencing system (Perkin Elmer 

20 Corp., Norwalk, USA). Oligonucleotides for primers were synthesized with a DNA 
synthesizer, model Oligo 1 000, manufactured by Beckman Instrument Inc.(Palo Alto, 
USA). PCR was performed with the Perkin Elmer PCR system 2400. 

PCR conditio ns 

Cycling conditions for each PCR began with a 2-min denaturation at 94'*C, followed by 
25 25 cycles of denaturation at 94°C for 15 sec, annealing at 55°C for 30 sec, elongation at 
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72»C for 45 sec (adjusted according to the size of DNA fragment), and completed with 
a 7-min incubation at 72"C. High-fidelity Pwo polymerase was used when fragments 
were created for cloning and site-directed mutagenesis. 

Constriictioii of l);i.sic expression vovU^r 

5 The PUK21 vector was used as the starting material to construct a basic expression 
vector, which was subsequently used for construction of either a CpG-optimized DNA 
vaccine vectors or a CpG-optimized gene therapy vectors. DNA sequences required for 
gene expression in eukaxyotic cells were obtained by PCR using the expression vector 
pcDNA3 as a template. 

10 (i) Insertion of the CMV (human cytomegalovirus) major intermediate early 
promoter/enhancer region 

The CMV promoter (from pcDNA3 position 209 to 863) was amplified by PCR using 
30 ng pcDNA3 as a template. The fonvard PCR primer 5' CGT GGATATCCG ATG 
TAC GGGCCA GAT AT 3' (SEQ ID N0:4) introduced an EcoRW site, and the reverse 
1 5 PCR primer 5' AGT CGCGGCCGC AAT TTC GAT AAG CCA GTA AG 3 ' (SEQ ID 
NO:5)introduced a Noll site. After digestion with EcoRY and Noll, a 0.7 kb PCR 
fragment containing the CMV promoter was purified and inserted into the pUK2 1 
polylinker between^al and Notl sites. The Xbal sticky end of pUK2 1 was filled in with 
the large fragment of T4 DNA polymerase after digestion to create a blunt end. The 
20 mserted CMV promoter was confirmed by sequencing. The resulting plasmid was 
PUK2I-A1 (Figure 1). 

(ii) Insertion of the BGH poIyA (bovine growth homione polyadenylation signal) 
BGIl polyA (from pcDNA3 position 1018 to 12^10) was ;,mplinc(l by PCR usin,., 
PCDNA3 as template. 'Die fomard PCR primer S" A IT CTC GAG TCT AGA CTA GAG 
25 CTC GCT GAT CAG CC 3' (SEQ ID N0:6) introduced JOrol and Xbal sites, and the 
reverse PCR primer 5' ATT AGGCCT TCC CCA GCA TGC CTG CTA TT 3' (SEQ ID 
N0:7) introduced a Stul site. After digestion with Xhol and the 0.2 kb PCR 
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fragment containing the BGH polyA was purified, and ligated with the 3.7 kb Xhol-Stul 
fragment of pUK21-Al. The inserted BGH polyA was confirmed by sequencing. The 
resulting plasmid was pUK21-A2 (Figure 2). 

No(e: Ligation of the EcoRV and A7)(7l-fill-in blunt ends in the pUK21-Al construct 
5 recreated an Xha] site, but this site is resistant to cleavage due to Dam mcthylation 
present in most laboratory strains of E. coli, such as DH5a, so the extra Xba\ site 
introduced by the forward PGR primer in the pUK21-A2 construct is available as a 
cloning site. 

CnG optimized DNA vaccine vector 

1 0 The CpG-optimized DNA vaccine vectors were made from the basic expression vector 

>- 

(pUK2 1 -A2) in several steps: 

Site-directed mutagenesis for removal of CpG-N motifs, with care being taken to 
inainlain Ihc integrity of the open reading frame. Where necessary, tlie mulatecl 
sequence was chosen to encode the same amino acids as the original sequence. 
1 5 • Removal of unnecessary sequences (e.g. , fl ori). 

Addition of suitable polylinker sequence to allow easy incorporation of CpG- 
motifs. 

Addition of CpG-S motifs which would be chosen to enliance a particular immune 
response (humoral, cell-mediated, high levels of a particular cytokine etc.), 

10 The pUK21-A2 vector was used as the starting material for construction of an optimized 
DNA vaccine vector. Site-directed mutagenesis was carried out to mutate those CpG-N 
sequences that were easy to mutate. As described below, 22 point-mutations were made to 
change a total of 15 CpG-N motifs to alternative non-CpG sequences. For 16 of these point 
mutations that were in coding regions, the new sequences encoded the same amino acids as 

15 before through alternative codon usage. The mutated sequences were all in the kanamycin 
resistance gene or immediately adjacent regions. At present, we did not mutate any CpG-N 
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motifs in regions with indispensable functions such as the Co/El , BGH poly A or polyiinker 
regions, or the promoter region (in this case CMV), however this should be possible. 

(i) Insertion of the n origin of replication region 

The n origin and two unique restriction enzyme sites (Oral and Apal) were introduced into 
5 PUK21-A2 for later vector construction, fl origin (from pcDNA3 position 1313 to 1729) was 
amplified by PGR using pcDNA3 as template. The forward PGR primer 5' TAT AGG CCC 
TAT TTTAAA CGG GCC CTG TAG GGG CGC A 3' (SEQ ID NO:8) introduced EcoO 1 091 
and Oral sites, and the reverse PGR primer 5' GTA TGOCGCCTT GGGCCC AAT TTT 
TGT TAA ATC AGC TC 3' (SEQ ID N0:9) introduced Narl and Apal site. After digestion 
10 with and EcoOl09l thp 0.4 kb PGR fragment containing the fl origin was purified and 
hgated with the 3.3 kb Narl.EcoOl09l fragment of pUK21-A2, resulting in pUK21-A 
(Figure 3). 



(ii) Site-directed Mutagenesis to Remove Immunoinhibitory Sequences 
Sixteen silent-mutations within Ihc kanamycin resistance gene and anoIlK,- six point- 
15 mutations within a non-essential DNA region were designed in order to eliminate 
immunoinhibitoiy GpG-N sequences. At this time, mutations were not made to GpG-N motifs 
contained in regions of pUK2 1 -A that had essential ftmctions. 

Site-directed mutagenesis was performed by overlap extension PGR as described by Ge ./ 
al. (1997). The 1.3 kb^/wNI-£coO109I fragment ofpUK21-A contained all 22 nucleotides 
20 to be mutated and was regenerated by.overlap extension PGR using mutagenic primers. AH 
the primers used for mutagenesis are listed in Table 1, and the nucleotide sequence of this 
Ah.Nl.EcoO 1 091 fragment is listed in Table 2 (Note: the nucleotide numbering scheme is the 
same as the backbone vector pUK2 1 ). 



25 



Tl.e mutagenesis was carried out as follows: In the first round of overlap extension PGR the 
pairs of primers: Mu-0F/Mu-(4+5)R Mu-(4+5)F/Mu-9R. Mu-9F/Mu-13R and Mu-13F/Mu- 
OR were used to introduce four point-mutations at positions 1351, 1363. 1717and 1882 The 
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PCR-generated EcoR]JAlwN\'EcoO\09yXba\ fragment was inserted into the pcDNA3 
polylinkcr between the EcoR 1 and Xbol sites. ^Fhe mutated Msp\ at position 1717 was used 
to identify the pcDNA3-insert containing the appropriate mutant DNA fragment. 

In the second round of overlap extension PGR, the pcDNA3-insert from the first-round was 
5 used as a PGR template, the pairs of primers: Mu-0F/Mu-2R, Mu-2F/Mu-7R, Mu-7F/Mu- 1 OR 
and Mu-IOF/Mu-OR were used to introduce three point-mutations at positions 1285, 1 549 and 
1759. The PGR-generated £:coRI/.4/vi'N-£:coO109I/^aI fragment was inserted into the 
pcDN A3 polylinker between the EcoRl and Xbal sites. The SnaBl site created by mutation 
at position 1 759 was used to identify the pcDNA3-insert containing the appropriate mutant 
10 DNA fragment. 

In the third round of overlap extension PGR, the pcDNA3-insert from the second-round was 
used as a template, the pairs of primers: Mu-0F/Mu-3R, Mu-3F/Mu-8R, Mu-8F/Mu-14R and 
Mu-14F/Mu-0R were used to introduce five point-mutations at positions 1315, 1633, 1636, 
1638 and 1924. The PGR-generated EcoRiJAlwNhEcoO\09yXbal fragment was inserted into 
1 5 the pcDNA3 polylinker between the EcoRl and Xbal sites. The mutated Mspl site at position 
1636 was used to identify the pcDNA3-insert containing the appropriate DNA mutant 
fragment. 

In the last round of overlap extension PGR, the pcDN A3 -insert from the third-round was used 
as a template, the pairs of primers: Mu-OF/Mu-IR, Mu-1F/Mu-6R, Mu-6F/Mu-(1 1+12)R, 

20 Mu-(1 H-12)F/Mu-15R and Mu-15F/Mu-0R were used to introduce 10-point mutations at 
positions 1 144, 1 145, 1 148, 1 149, 1152, 1153, 1453, 1777, 1795 and 1984. After digestion 
with the £^001091 and AlwNl, the PGR-generated 1 .3 kb fragment was inserted into pUK21- 
A to replace the corresponding part, resulting in pUK21-B. All the 22 point-mutations were 
confirmed by sequencing, and the PCR-generated AlwNl-EcoOl09l fragment was free from 

25 PGR errors. 
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(iii) Replacement of the fl origin with unique restriction enzyme sites 

Oligonucleotides 5' AAA TTC GAA ACT ACT GGACCT GTTAAC A 3' (SEQ ID NO: 1 0) 
and its complementaiy strand 5' CGT GTTAAC AGGTCC AGT ACT TTC GAA ITT 3' 
(SEQ ID NO:ll) were synthesized, and S'-phosphoi^lated. Annealing of these two 
5 phosphorylated oligos resulted in 28 base pair double-stranded DNA containing three unique 
restriction enzyme sites (Seal, Avail, Hpal), one sticky end and one blunt end. Replacing the 
0.4 kb Narl-Dral fragment of pUK21-B with this double-stranded DNA fragment resulted 
in the universal vector pMAS for DNA vaccine development (Figures 4 and 5). 

(iv) Insertion of immunostimulatory motifs into the vector pMAS 
1 0 The vector is now ready for cloning CpG-S motifs. TTie exact motif which would be added 
to the vector would depend on its ultimate application, including the species it is to be used 
in and whether a strong humoral and/or a ceil -mediated response was preferred. The 
following description gives an example of how a varying number of a given motif could be 
added to the vector. 

15 Insertion of murine-speciflc CpG-S motifs was carried out by first synthesizing the 
oligonucleotide 5' GAC TCC ATG ACG TTC CTG ACG TIT CCA TGACGTTCC TGA 
limiTG 3' (SL-Q ID NO:12) which contains four CpG-S motifs (underlined), and its 
complementary sequence 5^ GTC CAA CGT CAG GAA CGT CAT GGA AAC GTC AGG 
AAC GTC ATG GA 3' (SEQ ID NO: 13). This sequence is based on the CpG-S motifs 
20 contained in oligo # 1 826. which has potent stimulatory effects on murine cells in vitro and 
IS a potent adjuvant for protein vaccines in vivo. After 5'-phosphoiylation. amiealing was 
perfomaed to create a 44 bp double-stranded DNA fegment with ^ v^H-cut sticky ends. Self- 
I.gation of this 44 bp DNA fragment resulted in a mixture of larger DNA fragments 
containing different copy numbers of the stimulatory motif TTiese DNA fragments with 
25 different numbers of mouse CpG-S motifs were inserted into the Avail site of pMAS. which 
was first dephosphoo^Iatcd with CIP ,o prevent self-ligation. The resulting recombinant 
plasmids maintained one .lw;II site due to the design of the synthetic oligonucleotide 
sequence allowing the cloning process to be repeated until the desired number of CpG-S 
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motifs were inserted. Sixteen and 50 mouse CpG-S motifs were inserted into the AvaU site 
of pMAS, creating pMCG-1 6 and pMCG-50 respectively. The DNA fragment containing 50 
CpG-S motifs was excised from pMCG-50, and inserted into Hpal-Avall-ScahDral linker 
of pMCG-50, creating pMCG-100. The same procedure was followed to create pMCG-200 
5 (Table 3). 

Two different sequences containing human-specific CpG-S motifs were cloned in different 
numbers into pMAS to create two series of vectors, pHCG and pHIS, following the same 
slralcpjcs as described above. 

The pHCG series of vectors contain multiple copies of the following sequence 5' GAC TTC 
1 0 GTG TCG TT C TfC TGT CGT C 1T T AG CGC T TC TCC TGC GTG CGT C CC TTG 3 ' 
(SEQ ID NO: 14) (CpG-S motifs are underlined). This sequence incorporates various CpG-S 
motifs that had previously been found to have potent stimulatory effects on human cells in 
vitro. The vector pHCG-30, pHCG-50, pHCG-100 and pHCG-200 contain 30, 50, 100 and 
200 human CpG-S motifs respectively (Table 3). 

1 5 The pHIS series of vectors contain multiple copies of the following sequence: 5' GA C TCG 
TCG TT T TGT CGT T TT GTC GTT TCG TCG TT T TGT CGT T TT GTCGTT G 3^ (SEQ 
ID NO: 15) (CpG-S motifs are underlined). This sequence is based on the CpG-S motifs in 
oligo //2006, which has potent stimulatory effects on human cells in vitro The vector pHIS- 
40, pHIS-64, pHIS-128 and pHIS-192 contain 40, 64, 128 and 192 human CpG motifs 

20 respectively (Table 3). 

(v) Cloning of the hepatitis B surface antigen gene 

To create a DNA vaccine, the S gene (subtype ayw) encoding the hepatitis B surface antigen 
(HBsAg) was amplified by PCR and cloned into the polylinker of pUK21-A2 using the 
EcoRW and Pst I restriction enzyme sites. The S gene was analyzed by sequencing, and then 
25 subcloned into the same restriction enzyme sites of the pMCG and pHCG series of vectors 
(Table 4). 
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Tl,c S gene (.,ub„pe adw2, o„c„di„s Mk- hcpaUti. U surface a„,ig=„ (HBsAg) was cloned 
.n.o U,e PHIS series of vectors following the same s>n„egy as described above (Table 4)^ 

C pG optimized f ^eno therapy vprfnt- 

The optimized gene therapy vectors were const,.cted from the ba.ic expression vector 

5 (pUK2 1 -A2) in several steps. 

pU^rlr''' °' immunosti^ulatoo' sequences within 

Only poin.-nn,ta.ions. which would not interfere wi.h the replication and function of the 
expression vector, pUK2.-A2, were designed. Seventy-five point-n.utations, including 55 
nucleotides within non-essential regions and 20 silent-.utations within the kanan.yc.n 
resistance gene, were carried out following the same strategy as described previously in (nj 
Sue.cl,rec^e, rmaa.enesfs to remo.e in.munoinJnbUory sequences. The point mutations 
ehmmated 64 CpG stimulatoiy motifs resulting in the vector pGT ( Table 5) 



ii) Insertion of unique restriction enzyme sites into pGT 

15 Oligonucleotides 5' GCC CTA GTA PTn TTa Ar-r t-t-a . , ^ ^ 

^1 AJilA L FG TTA AC r TTA AAG GP.r rr y (seq id 

NO: 1 6) and tts complementaty strand 5' GGC GGGCCC TTTAAA GTTAAC AGTACT 
A<i 3- (SliQ 11) N0:,7) were syn,hesi..ed, and 5'-plu..sp.u>ry,ated. Annealing of these Z 
Phosphoo^lated oligos resulted in a 26 bp double-str..ded DNA frag„.ent containing four 
untque restriction enzyme sites i^ccA^Hpai, Dral and Apal) and two ^coOl 09 l-cut sticky 
20 ends. Insertion of this 26 bp DNA fragment into pGT created the vector pGTU. 

iii) Insertion of immunoinhibitoty motifs into the vector pGTU 

Human CpG-N motifs were cloned into the pGTU following the same strategies as described 
previously in (i.) Insertion of immunostimulatory motifs into the .ector pMAS The 

GGCGGGGAA3 (SEQ ID NO: 18) and its complementazy strand 5' GGC CCC CGC CTT 
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ATC CCC GCC AAA TCC CCG CCTTAT CCC CGC CAG 3^ (SEQ ID NO: 19) (four CpG 
motifs are underlined) were synthesized and phosphoiylated. Annealing of these two 
oligonucleotides created a double-stranded DNA fragment, which was self-ligated first and 
then cloned into the EcoO\09l site of the vector pGTU. The recombinant plasmids will be 
5 screened by restriction enzyme digestion and the vectors with the desired number of CpG 
inhibitory motifs will be sequenced and tested. 

Immunization of Mice and Assay of Immune Responses 

Female BALB/c mice aged 6-8 weeks (Charles River, Montreal) were immunized with DNA 
vaccines of HBsAg-encoding DNA (see vectors described above) by intramuscular injection 

1 0 into the tibialis anterior (TA) muscle. The plasmid DNA was produced in E. coli and purified 
using Qiagen endotoxin-free DNA purificatioji mega columns (Qiagen GmbH, Chatsworth, 
CA). DNA was precipitated and redissolved in endotoxin-free PBS (Sigma, St. Louis MO) 
at a concentration of 0.0 1 , 0. 1 or 1 mg/ml. Total doses of 1 , 1 0 or 1 00 |ig were delivered by 
injection of 50 fil bilaterally into the TA muscles, as previously described (Davis ef uL, 

15 1993b). 

In some cases, 1 0 or I'OO ^ig of CpG ODN was added to the DNA vaccine (pCMV-S, Davis 
et ai , 1 993b). The sequences and backbones of the ODN used are outlined in Table 6. 

Mice were bled via the retro-orbital plexus at various times after immunization and recovered 
plasma was assayed for presence of anti-HBs antibodies (total IgG or IgGl and IgG2a 
20 isotypes) by end-point dilution ELISA assay, as previously described (Davis et aL, 1993a). 

For assay of CTL activity, mice were killed and their spleens removed. Splenocytes were 
restimulated /;? vitro with HBsAg-expressing cells and CTL activity was evaluated by 
chromium release assay as previously described (Davis et al., 1998). 

EXAMPLE 2 

25 l./w v/7ra Effects of CpG-NMo«fs 

Nearly all DNA viruses and retroviruses have 50-94% fewer CpG dinucleotides than would 
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be expected based on nmdom base usage. TT.is would appear to b. an evolutionao' adaptation 
to avo.d the vertebrate defense mechanisms related to recognition of CpG-S motifs CpG 
suppression is absent from bacteriophage, indicating that it is not an inevitable result of 
having a small genome. Statistical analysis indicates that the CpG suppression in lentiviruses 
5 .s an evolutionary adaptation to replication in a eukaiyotic host. Adenoviruses, however are 
an exception to this rule as they have the expected level of genomic CpG dinucleotides 
Dilferent groups of adenovirae can have quite different clinical characteristics. 

Unlike the genome of almost all DNA viruses and retroviruses, some adenoviral genomes do 
not show suppression ofCpG dinucleotides (Karlin./ a/., 1994; Sun./^/.. 1997) Analysis 
1 0 of different adenoviral genomes (types 2, 5, 1 2, and 40) reveals surprising variability among 
each other and compared to human and E. coli in the Hanking bases around CpG 
dinucleotides (Table 7). 

Adenoviral strains 2 and 5 belong to lite same family but strain 12 is quite distinct from them 
Punfied type 12 adenoviral DNA induced cytokine secretion from human PDMC to a degree 
1 ^ s.nuhn- to ,ha. seen will, Ix.c.crial DNA (120 DNA) (Table 8). In contrast, DNA fro.n types 
2 and 5 adenoviruses induced little or no production of cytokines (Tables 3, 4). Remarkably 
not only did type 2 and 5 adenoviral DNA fail to induce TNF-a or IFN-y secretion, it actively 
inhibited the induction of this secretion by EC DNA (Table 9). contrast type P 
adenoviral DNA had no discernible inhibitory effects. These data suggested that type 2 and 
20 5 adenoviral DNA contains sequence motifs that inhibit the cytokine responses to the 
Stimulatory motifs present. 

The bases flanking CpG motifs determine whether a CpG dinucleotide will cause immune 
stimulation, and may also determine the type of cytokines secreted. The fact that type 2 and 
5 adenoviral DNA was not only nonstimulatory but actually inhibitory of CpG DNA 
25 suggested that certain nonstimulatory CpG motifs may even be able to block the stimulator^ 
motifs and that the inhibitory motifs should be over-represented in the genomes of adenovirus 
type 2 and 5 compared to type 1 2 (or to human DNA). By analysis of these genomes, it was 
possible to identify sequences that could block the effects of known CpG-S sequences on in 
vara B cell proliferation (Table 10) and cytokine secretion (Table 1 1) 
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Sequences which were found to be inimunoinhibilory by in viiro assay were chosen to be 
mutated (wherever easily possible) from the backbone of the DNA vaccine vector. 

2. CpG-S ODN cannot be used as an Adjuvant for DNA Vaccines 

It has previously been shovm that CpG-S ODN is a potent vaccine adjuvant when given with 
5 HBsAg protein (Davis et al, 1998). Antibodies against HBsAg (anti-HBs) were augmented 
many times over those obtained with HBsAg alone or even HBsAg with alum as adjuvant. 
In addition, the humoral response was more strongly Thl , as indicated by a greater proportion 
of IgG2a than IgG 1 isotypes of antibodies in immunized BALB/c mice. The strong Thl effect 
of llie CpG-S motifs was furlhcr clcmonstralcd by the I'.reatly enhanced cytotoxic T-cell 
10 activity. One of the most potent CpG-S ODN in mice was 1826, a 20-mer with 2 CpG- 
dinucleotides and made with a synthetic phosphorothioate backbone (see Table 6 for 
sequence). 

In contrast to the success with protein antigens, attempts to augment immune responses 
induced by a HBsAg-cxpressing DNA vaccine by the addition of CpG-S ODN 1826 failed. 

1 5 Surprisingly, the immune responses decreased with the addition of CpG-S ODN in a dose- 
dependent manner (Figure 6a). Addition of ODN #1826 to a luciferase reporter gene 
constmct (pCMV-luc, Davis et al^ 1993b) resulted in a dose-dependent decrease in luciferase 
expression (Figure 6b). Tliis indicates that the negative effects of the CpG-S ODN on the 
DNA vaccine were due to reduced gene expression rather than an effect on the immune 

20 response against the gene product. 

ODN #1 826 used in tlie above studies is an ODN with a phosphorothioate backbone (S-ODN) 
imd it is possible that the synthetic sulfur-containing backbone interfered with the ability of 
the plasmid DNA to transfect target cells. Zhao e( al. (1994) investigated tlie effect of the 
backbone on binding, uptake and degradation of ODN by mouse splenocytes and found that 
25 S-ODN had the highest affinity for ODN-binding sites on the cell membrane and could 
competitively inhibit binding of ODN made with a natural phosphodiester backbone (O- 
ODN). A similar blocking of binding might be taking place when S-ODN is mixed with 
plasmid DNA, which contains a natural phosphodiester backbone like O-ODN. Furthermore, 
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a was shown that the affinity of ODN made with a phophorothioate-phosphodiester chimeric 
backbone (SOS-ODN) for ODN-binding sites was lower than that of S-ODN (Zhao e, al 
1 994). Thus, we evaluated the effect of adding SOS-ODN 1 980, which has U.e identical 
sequence to S-ODN 1826, to pCMV-luc DNA and found that even at a 100 ^g dose, this did 
5 not alter the expression of the luciferase reporter gene (Figure 7). While ODN with a 
chimeric backbone (SOS-ODN) do not adversely affect the level of gene expression (except 
when certain sequences such as a poly G are present) (Figure 7), this is not useful since SOS- 
ODN are apparently also not sufficiently nuclease-resistant to exert a strong CpG adjuvant 
effect a able 12). Administering the CpG S-ODN at a different time or site than the plasmid 
10 DNA does not interfere with gene expression cither (Figure 8), however nor do these 
approaches augment responses to DNA vaccines by administering the CpG S-ODN at a 
different time or site than the plasmid DNA (Table 12). Thus it appears that the immune 
system must see the antigen and the CpG-S motif at the same time and the same place to 
augment antigen-specific responses. TT.us, at least for the present, it appears necessao^ to 
15 clone CpG motifs into DNA vaccine vectors in order to take advantage of the.r adjuvant 



effect. 
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motifs to the DNA vaccine vectors (Figure 9). 

Titers of antibodies were increased by the removal of CpG-N motifs. With the addition of 1 6 
or 50 CpG-S motifs, humoral responses became increasingly more Th 1 . with an ever greater 
proportion of IgG2a antibodies. Tl^e anti-HBs titer was higher with 1 6 than 50 CpG-S motifs 
25 perhaps because the strong cytokine response with the greater number of motifs inhibited 
antigen expression that was driven by the CMV promoter. Viral promoters such as that from 
CMV are known to be down-regulated by cytokines such as the IFNs (Gribaudo ./., 1 993- 
Harms & Splitter, 1995; Xiang et al, 1 997). 
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CTL responses were likewise improved by removal of CpG-N motifs, and then more so 
the addition of CpG-S motifs to the DNA vaccines. 
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EXAMPLE 4 



CpG-Op tiiTiized Gene Therapy Vectors 

OliKodcoxYnnclcoficlr j gODN) and DNA I>hosphodicster ODN were pirrchascd from 
Operon Technologies (Alameda, CA) and nuclease resistant phosphorothioate ODN were 
5 purchased from Oligos Etc. (Wilsonvillc. OR) or Mybridon Specially l'r(»clucl.s (Millord. 
MA). All ODN had undetectable endotoxin levels (less than 1 ng/mg) by Limulus assay 
(Whittaker Bioproducts, Walkersville, MD). E. coli (strain B) DNA was purchased from 
Sigma (St. Louis, MO), purified by repeated extraction with phenol:chloroform:isoamyl 
alcohol (25:24: 1) and/or Triton XI 14 extraction and ethanol precipitation and made single 
10 stranded by boiling for 10 min followed by cooling on ice for 5 min. Highly purified type 2. 
5. and 12 adenoviral DNA was prepared from viral preparations using standard techniques 
and processed in the same manner as the E. coli DNA. Plasmids for DNA vaccination were 
purified using two rounds of passage over Endo-free columns (Qiagen, Hilden, Gennany). 

Cell Cultures nnd KLTSA ass-,.Ys for cyfokinrs . ELISA assays were performed using 
15 standard techniques and commercially available reagents as previously described (Klinman, 
D., c, al., Proc. Natl. Acad. Sci. USA, 93, 2879-2883 (1996); Yi ct al., J. Inwnmol., 157, 
5394-5402 (1 996)). Standard deviations of the triplicate wells were <1 0%. 

Construction of optimized DNA vectors . The starting material was pUK21-A2, an 
expression vector containing the immediate early promoter of human cytomegalovirus (CMV 

20 E), the bovine growth homione (BGH) polyadenylation signal, and the kanamycin resistance 
gene (Wu and Davis, unpublished). To avoid disrupting the plasmid origin of replication, 
mutagenesis designed to eliminate CpG-N motifs was restricted to the kanamycin resistance 
gene and non-essential DNA sequences following the gene. A total of 22 point mutations 
were introduced to alter 1 5 CpG-N motifs (a "motif refers to a hexamer containing one or 

25 more CpG dinuclcotidcs) containing 1 9 CpG dinuclcolidcs. 1 2 of which were eliminated and 
7 of which were transformed into CpG-S motifs. Site-directed mutagenesis was performed 
by overiap extension PGR as described by Ge et al (Prosch. S.. et al. , Biol. Chem., 377, 1 95- 
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201 (1996)). The 1 3 kbyl/>vN l-£ct>0 109 I fragment of pUK21-A2, which contained all ^ 
nucleotides to be mutated, was used as the template for PCR. The 1.3 kb fragment was 
regenerated by four rounds of overlap extension PCR using appropriate mutagenic primers, 
and substituted for the original AhvN I-£coO109 1 fragment, resulting in pUK21-B2. All the 
5 mutations were confirmed by sequencing. 

Another 37 CpG-N motifs were removed by replacing the fl origin with a multiple cloning 
site. Oligonucleotides 5' GCCCTATTTTAAATTCGAAAGTACTGGACCTGTTAACA 3' 
(SEQ ID NO:20) and its complementary strand 5' 
CGTGTTAACAGGTCCAGTACTTTCGAATTTAAAATAG 3' (SEQ ID NO:21) were 
10 synthesized, and 5'-phosphorylatcd. Annealing of these two phosphorylatcd-oligos resulted 
in a 35 bp double-stranded DNA fragment containing four unique restriction enzyme sites 
(Dra I, Sea I, Ava II, Hpa I) and two sticky ends. Replacing the 0.6 kb Nar I-£coO109 I 
fragment of pUK21-B2, which contained the entire fl ori, with this double-stranded DNA 
fragment resulted in the master vector pMAS. 

15 Next, different numbers of CpG-S motifs were inserted into the vector by allowing self- 
ligation of a 20bp DNA fragment with the sequence 5' 
GACTCCATGACGTTCCTGACG'nrCCATGACGTTCCTGACG^rTG 3' (SEQ ID NO:22) 
with a complementary strand and inserting different numbers of copies into the Ava II site 
of pMAS. Recombinant clones were screened and the two vectors were chosen for frirther 

20 testing with 1 6 and 50 CpG-S motifs, and named pMCG16 and pMCG50 respectively. 

To create a DNA vaccine, the S gene encoding ay subtype of hepatitis B surface antigen 
(HBsAg) was amplified by PCR and cloned into the EcoKV - Pst\ sites of the vectors, 
resulting in pUK-S, pMAS-S, pMCG16-S, and pMCG50-S respectively. Vector sequences 
were confirmed by sequencing and have been deposited in GenBank under accession 
25 numbers AFO53406 (pUK-S), AFO53407 (pMAS-S), AFO53408 (pMCG16-S), and 
AFO53409 (pMCG50-S). 

Immunization of mice against IIBsAg: Immunization of 6-8 wk old female BALB/c mice 
(Charles River, Montreal, QC) was by injection into the tibialis anterior muscle (TA) of 1 ^g 
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recombinant IIBsAg or 10 HBsAg-expressing DNA vaccine (Chace JH c al 
hnmunopath. In prcs ( 1 997)). Assay for antibodies against HBsAg (anti-HBs) was by end' 
point dilution and for cytotoxic T lymphocytes (CTL) was by chromium release assay as 
described previously" Both the protein ODN) and DNA vaccines were resuspended in 
5 saline for injection. 



MAMPLES 



Type 12 adenoviral DNA is immune stimulatory, but types 2 and 5 adenoviral DNA are 
•mmune neutralizing. To investigate possible functional differences in the immune effects of 
various prokaryotic DNAs. we determined their ability to induce cytokine secretion from 

1 0 human PBMC. In contrast to bacterial DNA and genomic DNA from type 12 adenovirus 
DNA from types 2 and 5 adenovirus failed to induce cytokine production (Table 8) In fact 
cicspuc their similar frequency of CpG dinucleotides, type 2 or 5 adenoviral DNA severely 
reduced the cytokine expression induced by co-administered immunostimulatory E coli 
genomic DNA (Table 9). This indicates that type 2 and 5 adenoviral DNA does not simply 

1 5 lack CpG-S motifs, but contains sequences that actively suppress those in E. coli DNA. 

Cenomes. To identify possible non-random skewing of the bases flanking the CpG 
dinucleotides in the various adenoviral genomes, we examined their frequency of all 4096 
hexamers. The six most common hexamers in the type 2 adenoviral genome are shown in 
^0 Table 7, along with their frequency in the Type 12 and coli genomes. Remarkably all of 
these over-represented hexamers contain either direct repeats of CpG dinucleotides or CpGs 
that are preceded by a C and/or followed by a G. These CpG-N motifs are approximately 
three to six fold more common in the immune inhibitoiy type 2 and 5 adenoviral genomes 
than m those of immune-stimulatory type 12 adenoviral, E coli or non-stimulatory human 
25 genomic DNAs (Table 7). H.is hexamer analysis ftuther revealed that the frequency of 
hexamers containing CpG-S motifs (e.^.. GACGTT or AACGTT) in the type 2 adenoviral 
genome is as low as that in the human genome: only 1/3 to 1/6 of that in E coli and type I . 
adenoviral DNA (Table 7). 
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Effect of CpG-N motifs on the immune stimulatory effects of CpG-S motifs . To 

determine whether these over-represented CpG-N motifs could explain the neutralizing 
properties of type 2 and 5 adenoviral DNA, we tested the in vitro immune effects of synthetic 
oligodeoxynucleotides bearing a CpG-S motif, one or more CpG-N motifs, or combinations 
5 of both. An ODN containing a single CpG-S motif induces spleen cell production of lL-6, 
IL-12, and ll'M-y (ODN 1619, Table 13). However, when the 3* end of tl)is ODN was 
modified by substituting either repeating CpG dinucleotides or a CpG dinucleotide preceded 
by a C, the level of cytokine production was reduced by approximately 50% (ODN 1952 and 
1953, Table 13). ODN consisting exclusively of these neutralizing CpG (CpG-N) motifs 
1 0 induced little or no cytokine production (Table 14). Indeed, addition of ODN containing one 
or more CpG-N motifs to spleen cells along with the CpG-S ODN 1619 caused a substantial 
decrease in the induction of lL-12 expressionjndicating that the neutralizing effects can be 
exerted in trans (Table 14). 

To determine whether the in vivo immune activation by ODN containing CpG-S motifs 
1 5 would be reversed by CpG-N motifs, we immunized mice with recombinant hepatitis B 
surface antigen (HBsAg), with or without nuclease resistant phosphorothioate-modified ODN 
containing various types of CpG motifs. As expected, a CpG-S ODN promoted a high titer 
of antibodies against HBsAg (anti-HBs Mtibodies) which were predominantly of the IgG2a 
subclass, indicating a Thl-type immune response (Figure 10; ODN 1 826). The various CpG- 
20 N ODN induced either little or no production of anti-HBs antibodies (ODN 1 63 1 , 1 984, and 
2010) (Figure 10). Mice immunized with combinations of CpG-S and CpG-N ODN had a 
reduced level of anti-HBs antibodies compared to mice immunized with CpG-S ODN alone, 
but these were still predominantly IgG2a (Figure 10). 

Enhanced DNA vaccination by deletion of plasmid CpG-N motifs . DNA vaccines can 
25 be highly effective inducers of Thl-like immune responses (Raz, E,, et ai^ Proc. Natl. Sci, 
Acad. USA, 93, 5M1-5145 (1996); Donnelly , J.J., ^.7 r//., /I/?;;. Rev, Immunol., 15,617-648 
(1997)). Based on the in vivo and in vitro effects of CpG-N motifs, we hypothesized that 
their presence within a DNA vaccine would decrease its immunostimulatory effects. The 
starting vector, pUK21-A2, contained 254 CpG dinucleotides, of which 134 were within 



4 
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CpG-N motifs, m order to test the hypothesis that these CpG-N motifs adversely affected the 
efficacy of this vector for DNA-based vaccination, the ntimber of CpG-N motifs was reduced 

cither by mutation .>r deletion. Since ivnilalions in , he pla.snnd origin ofrcplication interl^^^^^^ 
with replication of Uie p].smid, we restricted our initial mutations to the kanamycin resistance 
5 gene and a nonessential flanking region. We were able to eliminate 19 CpG dinucleotides 
contained within 15 of the 20 CpG-N motifs in these regions without changing the protein 
sequence. The Fl origin of replication containing 37 CpG-N motifs and only 1 7 other CpG 
dmucleotides was then deleted, creating the vector pMAS. This vector was fbrther modified 
by the introduction of 1 6 or 50 CpG-S motifs, yielding vectors pMCG 1 6 and pMCG50 
10 respectively. The S gene for HBsAg was then cloned into these vectors downstream from 
the CMV promoter, to make pUK-S, pMAS-S. pMCGI6-S, and pMCG50-S respectively. 
When tested for their ability to induce cytokine (IL-6 and IL-12) secretion from cultured 
spleen cells, we found that the pMAS-S, pMCG16-S and pMCG50-S vectors had 
significantly enhanced immune stimulatoo' activity compared to pUK-S. When used as a 
1 5 DNA vaccine, the anti-HBs response at 4 and 6 weeks was substantially stronger with DNA 
vaccmes from which CpG-N motifs had been deleted, and even more so when 16 CpG-S 
mot,fs had been inserted. The vector with 50 CpG-S motifs, however, was less effective at 
inducing antibody production than that with 16 motifs. (Figure 1 1 A). Removal of CpG-N 
motifs and addition of CpG-S motifs resulted in a more than three-fold increase in the 
20 proportion of IgG2a relative to IgGl anti-HBs antibodies, indicating an enhanced Th-l 
response. This accentuated Thl response also was demonstrated by the striking progressive 
increases m CTL responses induced by vectors from which CpG-N motifs were deleted 
and/or CpG-S motifs added (Figure 1 1 B). 

'Hk- discoveo^ of immune activating CpG-S motifs in bacterial DNA has led to the realization 
that a.side from encoding genetic infonnation. DNA cat, also function as a signal transducing 
molecule. Our present results demonstrate that genomic DNA from type 12 adenovirus is 
munune stimulatoiy. compatible with its relatively high content of CpG-S motifs. In contrast 
genomic DNA from type 2 and 5 adenoviruses is not stimulatory, but rather is immune' 
neutralizing and blocks the cytokine induction of bacterial DNA (Tables 8 and 9) To 
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identify possible dificrcnces in the CpG motifs present in these different adenoviral genomes, 
analyzed the genomic frequency of all hexamer sequences was analyzed. This analysis 
demonstrated that only the type 2 and 5 adenoviral genomes had a dramatic 
overrepresentation of CpG motifs containing direct repeats of CpG dinucleotides and/or 

5 CpGs preceded by a C and/or followed by a G (Table 7). Synthetic ODN containing such 
putative immune neutralizing (CpG-N) motifs not only did not induce cytokine production 
in vifrOy but also inhibited the ability of an immune stimulatory CpG-S motif to induce 
cytokine expression (Tables 1 3, 14). These studies reveal that there are immune neutralizing 
CpG-N as well as stimulatory CpG-S motifs and that there is a surprisingly complex role for 

10 the bases flanking CpG dinucleotides in determining these immune effects, hi general, CpG- 
N motifs oppose CpG-S motifs in cis or trans. The mechanism through which CpG-N motifs 
work is not yet clear, but does not appear to involve competition for cell uptake or binding 
to a CpG-S-specific binding protein. Further studies are underway to determine the 
molecular mechanisms through which CpG-N and CpG-S motifs exert their respective 

1 5 immune effects. 

Tlic hcxamcrs that contain CpG-N motifs are from 15 to 30 times more common in type 2 and 
5 adenoviral genomes than those that contain immune stimulatory CpG-S motifs. However, 
in type 12 adenoviral genomes the frequencies of hexanjers containing CpG-N and CpG-S 
motifs do not differ substantially from chance. These data suggest that the immune 

20 neutralizing effects of types 2 and 5 adenoviral DNA are not merely a result of their 
propagation in eukaryotic cells, but rather arc due to the overall excess of CpG-N compared 
to CpG-S motifs. It is tempting to speculate that the marked over-representation of CpG-N 
motifs in the genomes of types 2 and 5 adenovirus may contribute to the biologic properties, 
such as persistent infection of lymphocytes, which distinguish them from type 12 adenovirus. 

25 The presence of large numbers of CpG-N motifs within these adenoviral genomes may have 
played an important role in the evolution of this virus by enabling it to avoid triggering CpG- 
induced immune defenses. It will be interesting to determine the general distribution of CpG- 
N and CpG-S motifs in different families of microbial and viral genomes, and to explore their 
possible roles in disease pathogenesis. 
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CpCN mo„fs n,c also ove^prescmcd ,„ ,hc hu,„a„ g.nomc, where their hexanrers are 
approximately ,„o to five-foM more eon^on U,an CpO-S nrorifs. While .his skewing is far 
less nwked than to. in adenoviral DNA. i. would s.ill be expected .o reduee or eli„,ina.e any 
.nrmune s.inr„la.„,y effee. fton, Ure „™„e.hyla.ed CpOs presen. in CpG inlands wi.hin 
ver..bra.e DNA. We and o.hers have found .ha. even when predominantly or conrplerely 
unme.hyla.ed, venebrare DNA is stll not imntune stimulatory (A. Krieg and P. Jones 
unpublished data) (Sun, S., e,.,..J. ,59:31 ,9-3125 (1997)) whieh is in keeping 

w,.h ,.s predominanee of CpO-N motifs CTable 7). Given .he overall level of CpG 
suppression in .he human genome, Ure moleeular meehanisms responsible for the skewing 
.0 of the fiequeney of CpG-N to CpO-S motifs are unelear. Such a distortion from the expected 
.^dom panems would see,, to require the existence of pa.h„ays .ha. ptefe^ntially muta.e 
.he flanking bases of CpG-S motifs in vcebrate genomes, but do no. affec. CpG-N motifs 
tadeed, sta.is.ical analyses of venebra.e genomes have provided evidence .ha, CpGs flanked 
hy A or T (as in CpO-S molifs, ,„,„„,e a, . faster n„c than C,Kls flanked by C or G (llains 
i ^ W., et al. , Mutation Res, , 267:43-54 ( 1 992)). 

Based on our ,„ W,™ experimen,s we hypothesized tha, the presence of CpG-N motifs in 
DNA vaccines interferes with ,he induction of the desired immune response. Indeed the 
present study demonstrates that elimination of CpG-N motifs from a DNA vaccine leads to 
.mproved induction of antibodies. By removing 52 of tl,e CpO-N motifs from a DNA vace.ne 
(-.S were deleted and 7 tutrted into CpG-S motifs, the serologic response was mor. th^ 
doubled, by then adding an addi.lonal 16 CpG-S motifs, the response was enhanced nearly 
10 fold (Frgure 1 1 A). Likewise. CTL responses were improved by removing CpG-N motifs 
»nd even more so by adding 16 or 50 CpG-S motifs <Fig„„ 1 1 B). Tltese increased responses 
are especially notable in view of the fact tha. .he .o.a, number of CpG dinucleo.ides in .he 
mutated vaccines is considerably below the original number. 

The finding that the vector with 50 CpG-S motifs was inferior .„ tha, with 16 motifs for 
■nductton of humoral immunity was unexpeced. and may be secondary to CpO-induced 
productron of type , interferons, and subsequent reduction in the amo™ of antigen 
expressed. TT,e decreased antibody response induced by pMCO50.S seems unlikely .o be 
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explained by vector instability since this vector gave the best CTL responses (Figure 1 IB). 
Although the pMCG50-S vector was slightly larger than pMCG16-S, the 10 fag dose still 
contained 93% as many plasmid copies as it did pMCG16-S, so lower copy number is 
unlikely to account for the reduced antibody levels. The current generation of DNA vaccines 
5 are quite effective in mice, but much less effective in primates (Davis, H.L., et aL, Proc. Natl 
Acad. ScL USA, 93:7213-7218 (1996); Letvin, N.L., et al, Proc. Natl Acad Sal USA, 
94:9378-9383 (1997); Fuller, D.H., et al,J. Med Primatol, 25:236-241 (1996); Lu, S., et 
al, J. Virol, 70:3978-3991 (1996); Liu, M.A., et al. Vaccine, 15:909-919 (1997); Prince, 
AM.,ctal, Vaccine, 1 5:9196-919 (1997); Gramzinski, R.A., et al,Molec, Med, 4:109-1 19 
10 (1998)). Our present resuUs indicate that attaining the full clinical potential of DNA vaccines 
will require using engineered vectors in which CpG-N motifs have been deleted, and CpG-S 
motifs added. 

On the other hand, the field of gene therapy may benefit from the discovery of CpG-N motifs 
through their insertion into gene transfer vectors to prevent or reduce the induction of host 

15 immune responses. Most of the CpG-N motifs in the adenoviral genome are in the left hand 
(5') side, which is generally partially or totally deleted for the preparation of gene therapy 
vectors, especially with the "gutless'' vectors (Kochanek, S., et al, Proc, Natl, Acad. Sci. 
USA, 93:5731-5736 (1996)). This could lead to an enhanced CpG-S effect. Since nucleic 
acids produced in viral vectors are unmethylated, they may produce inflammatory effects if 

20 they contain a relative excess of CpG-S over CpG-N motifs and are delivered at an effective 
concentration (about 1 |ig/ml). Gene therapy studies with adenoviral vectors have used doses 
up to 10 infectious units (IU)/ml (which contains 0.4 |ig of DN A/ml based on the genome 
size of 36 kb). Given that approximately 99% of adenoviral particles are noninfectious, this 
corresponds to a DNA dose of approximately 40 pg/ml, which is well within the range at 

25 which CpG DNA causes in vivo immune stimulatory effects; just 1 0 |ag/mouse induces IFN- 
Y production acts as an adjuvant for immunization (Davis, H.L., et al, J. Immunol, 1 60:870- 
876 (1998); Chu, R.S., et al, J. Exp.Med, 186:1623-1631 (1997); Lipford, G.B., et al, Eur. 
J. Immunol , 27:2340-2344 (1 997); Weiner, G J., et al , Proc. Natl Acad. ScL USA, 94: 1 0833 
(1997); Moldoveanu, Z., et al. Vaccine, In press (1998)), and causes acute pulmonary 

30 inflammation when delivered into mouse airways (Schwartz, D., et al, J. Clin. Invest., 
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100:68-73 (1997)). Multiple mechanisms besides the presence of CpG-S DNA are doubtless 
responsible for the inflammatoiy responses that have limited the therapeutic development 
of adenoviral vectors (Newman, K.D., ai. J. Clin. Invest., 96:2955-2965 (1995); Zabner, 
i.etoLJ. C//«.W., 97:1504-1511 (1996)). Nonetheless, our presem results suggest thai 
5 consideration be given to the maintenance or insertion of CpG-N motifs in adenoviral 
vectors, and to .he engineering of backbones and inserts so that CpG-S motifs are mutated 
in order to reduce immune activation. 

In recent years, it has become clear that effective gene expression need not require a viral 
delivery system. The use of plasmids for gene deliver' (with or without lipids or other 
1 0 fom^ulauons) avoids some of the problems of viral vectors. On the other hand, much larger 
doses of DNA arc typically required, since delivery is far less efficient than with a targeted 
system such as a vims. For example, effective gene expression in mice typically may require 
500-1000 pgDNA/mouse (Philip, R.,./ a/., J. Biol. CAem., 268:16087-16090 (1993); Wang, 
C, ./ a/., J. Clin. Invest., 95:1710-1715 (1995)). A recent human clinical trial using' 
5 hpid/DNA complexes and naked DNA for delivery of CFTR to the nasal epithelium of 
patients with cystic fibrosis used doses of 1 .25 mg of plasmid/nostril (Zabner, J., et al J 
Clin. Invest., 100:1529-1537 (1997)). The successful application of naked DNA expression 
vectors for gene therapy will depend on the safety of repeatedly delivering high doses of 
DNA. Since the plasmids used for gene therapy typically contain .several hundred 
0 uninchylalcd OpCI dinucico.idc..;, many of wl.icl. are in C-pCi-S motils. so.ne immune 
activation may be expected to occur. Indeed, mice given repeated doses of just 10 pg of 
plasmid DNA daily develop elevated lynfiphocyte levels and several humans who received 
intranasal plasmid DNA had elevated serum IL-6 levels (Philip, R., et ai, J. Biol. Chem 
268:16087-16090 (1 993)). Furthermore, delivery of 4 mg of a gene therapy plasmid to cystic 
5 fibrosis patients in a recent clinical trial caused acute onset of symptoms compatible with 
immune activation, including fever, chills, and pulmonary congestion. Another reason to 
avoid the presence of CpG-S motifs in gene therapy vectors is that the cytokines that are 
produced due to the immune stimulation may reduce plasmid vector expression, especially 
when this is driven by viral promoters (Raz, E.. et al, Proc. Natl. Acad. Sci. USA 93 5 14 1- 
5145(1996)). 
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It is, therefore, highly desirable to develop improved gene delivery systems with reduced 
immune activation. It is not possible to simply methylate the CpG-S dinucleotides in gene 
therapy plasmids, since methylation of promoters abolishes or severely reduces their activity. 
The only promoter resistant to methylation-induced silencing is the MMTV promoter, which 
contains no essential CpGs, but is fairly weak. In any case, even when the promoter is 
unmethylated , expression is still greatly reduced if the coding sequences are methylated. 
In fact, even the strong CMV IE promoter is completely inactivated by CpG methylation. 
Deletion of all CpGs from an expression plasmid is not feasible since many of these are 
located in the origin of replication (approximately 1.2 Kb long) where even single base 
changes can dramatically reduce plasmid replication. For these reasons, we propose that 
addition of CpG-N motifs, and/or mutation or conversion of CpG-S to CpG-N motifs may 
lead to the generation of less immune stimulatory vectors for gene therapy. Studies to 
investigate this possibility are under way. 

Table 1. 



15 Pri mers used for site-directed mutagenesis. 

Mutated nucleotides arc underlined. Restriction enzyme sites for cloning are indicated in 
bold. 





Mu-OF 




20 


Mu-IF 


(1144) 




Mu-2F 


(1285) 




MtKlF 


(1315) 




Mu-(44-5)F 


(1348) 




Mu-6F 


(1453) 


25 


Mu-TF 


(1548) 




MU-8F 


(1633) 




MII-9F 


(1717) 




Mu-IOF 


(1759) 



5' GTCTCTAGACAGCCACTGGTAACAGGATT 3* (845) 
5' GTCGTTGTGTCGTCAAGTCAGCGTA ATGC 3* ( 1 1 72) 
5*TCGTTTCTGTAATGAAGGAG3* (1304) 

5* AAGc;c;AG'rrc:cA*rACiGA'rGc; r (1334) 

5* TCG ATCTGCGATTCCAACTCGTCCAACATCAATAC 3* ( 1 382) 

5'TGGTGAGAATGGCAAAAGTT3* (1472) 

5* CATTATTCATTCGTG ATTGCG 3' (1 568) 

5' ACGTCICAGGAACACTGCCAGCGC 3* (1656) 

5' AGGG ATCGCAGTGGTGAGTA 3* ( 1 736) 

5* TATAAAATGCTTG ATGGTCGG 3* ( 1 779) 
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Mu.(lI.H2)I- (1777) 5-GGGAAGAGGCATAAATTCIGTCAGCCAGnTAGTC3- (1811) 

MU-I3F (1882) 5'TGGCTTCCCATACAAGCGAT3' (1901) 

MU-14F (1924) 5'TACATTATCGCGAGCCCATT3- (1943) 

MU-15F (1984) 5- TGGCCTCGACGTTTCCCGT 3- (2002) 

5 Utivcrsc primer s: 
Mu-OR 



Mu-IR 
Mu-2R 
Mu-3R 



5- ATCGAA1TCAGGGCCTCGTGATACGCCTA 3- (2160) 

(1 163) 5- TGACTTGACGACACAACGACAGCTCATGACCAAAATCCC 3' (1 125) 

(1304) 5- CTCCTTCATTACAGAAACGACmTTCAAAAATATCGTA 3- (1266) 

(1334) 5-CCATCCTATGGAACTGCCITGGTGAGTTTTCTCCTTC3' (1298) 

10 Mu-(4+5)R (1367) 5' G AGrrqGAATCGCAGATCGATACCAGGATCTTGC 3' (1334) 

MU-6R (M72) 5- AACn-rrGCCATTCTCACCAGATTCAGTCGTCACTCA 3- (1436) 

MU-7R ( , 568) 5- CGCAATCACGAATGA ATAAIGGl-ITGGITG ATGCG AGTG 3' ( 1 530) 

( 1 652) 5- TGGCAGTGTTCCTG AG ACGITTGCA ITCG ATTCCTGrr 3' (1615) 

( 1 736) 5- TACTCACCACTGCGATCCCIGGAAAAACAGCATTCCAG 3" ( 1 736) 

( 1 779) 5- CCGACCATCAAGCATTTTATACGTACTCCTG ATG ATGCA 3' ( 1 74 1 ) 

Mu-(1..,2) (1796) 5-CAGAATTTATGCCTCTTCCCACCATCAAGCATrrrATAC3- (1758) 

(1901) 5'ATCGCTTGTATGGGAAGCCAGATGCGCCAGAGTTGTTT3' (1882) 

(1943) 5- AATGGGCTCGCGATAATGTAGGGCAATCAGGTGCGAC 3- (1907) 

(2002) 5-ACGGGAAACGTCGAGGCCACGATTAAArrCCAACATGG5" (1965) 
20 (SEQ ID NO:23-50, respectively) 



Mu-8R 
Mu-9R 
15 Mu-IOR 



MU-13R 
MU-14R 
Mu-ISR 
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Tabic 2 :\'ucUo(ide an^ umino acid sequences of the Al\^Nl'CoO 1091 fragment. 



A.xCCCCCTCG TGATaCCCCT ATTTTTATAC OTTAATCTCa TCCCCOOCCC CX-^X3AA\CCC 
ACGTrCTCTC TC.\.\/\ATCnc TCaTCITaCA TTCCACAAGa T.\,V\,\Al*ArA TC,\TCAIC*i.V\ 



CAAl/VrWACr GTCTCCTTaC aTaaaCaGTa 



aTaCaAOCCG TOTTaTGAGC C/\TATrc.V\C 

M S H I O 



lcar.|wt) 2000 

l;:»nimuj 



(}OOA.V\CGTC (VAGOCC^CCa TTAA-XTTCCA 



T 5 



R 



ACaTGGaTCJC TGATTTATAT COC7TATa,\.\T 
N M D A D L -y G V (C 



CCiC/CTCOCGA TAATGTqOGG 
WARD N V G 



CaaTCaGGTG 
Q S G" 



cgacaatcta 
A y I V 



tcgcttctat 

R L Y 



GOOAACCCCG 
A 

c; K r 



l:jn(w() ISSO 
CHIP 



kunfwO |.s:o 



ATGCGCCAGA GrrcnTTCTG 
[> Art L r I. 



AAACATGGCA AAGOTAGCCT ICiCCAATCaT 

>: M t; K c 5 V A N r> 



fTTTAC^CAlG 

V T r> 



AuATGGTCAG aCIAAACTGC ClCiACGG^VM TTaIcXCTCT TCCGACCaTC AAGCATniA 
E MVR LNW LTE F.MPL f-TI KKF 



k-jniwt) 1760 
V jn(mu) 



rrCGTACTCC TGATGATCCa TGGTTACTCA CCACTGCGaT CCCrCGAA.A.A ACAGCA'ITCr 
i'^RTP O O A WLL TTAI PGK TaF 



kan(wt) 1700 



kantwi) 1640 



AarTATrAGA 

0 V L E 

IGCGCCGGTT 
L R L 



agaatatcct gattcagctg AAA.\TATTCT toatgccctg 
evp dsg eniv dal 



GCAGTCTTCC 
A V F 



tX*ATrCC\TT CCTCTTTCTA 

H s 1 r V c 



ATTCTCCmr TA/\CaCCI^AT CCCGTATrrC 
NCPF KSD RVK 



kan(^vi) 1 5 SO 
V::in(.mu) 



GTCTCCCrCA 
K L A O 



CJOCGCA/VTCa 
AOS 



CGAATCAATa ArCCnTGCT TGATGCCaGT OATTTTGaTG 

T 

KMN NCLV DAS DFD 



kanfvvt) 1^20 

k:inirr.u) 

UKF 



ACGAGCCrr.AA 
D 5 R N 



TGGCrCGCCT 
G W P 



cttgaacaag tctcgaaaga aatccataaa CTTTTCCCaT 

V£0 VWICE MHK. LLP 



Iranf mil) 
ORF 



TCTCaCCOOA 
F S P D 



rrcACTCGTC 

S V V 



ACTCATCGTG ATTTCTCACT TGATA/\CCTT 
THC PFSL 'DNL 



A*rTTTTCACG 

r F D 



L-nn|mu) 
OKK 



AGCGC.AJV^'IT 
E G K L 



A/\TACGTTGT 
\ G C 



ATTGaTCTTTG GACGACrrCG A.ATCGCAGaC CGaTACCAGO 

T T 
IDV GRVG IAD RVO 



kan(wt) 1340 
ORF 



aTCTTcXCAT 
D L A I 



CCTATGG/*^^C 
L W N 



TGCCrrCCTG 
T 

C L G 



ACTTTTCTCC 
E F S P 



TTCATTaCaG 

s L (;? 



AAACGnCTTT 
K R L 



Vantntii) 
QRF 



TTCAA/V^ATA TGGTATTCAT 
F 0 K Y G I D 



AATCCTGATa 
H P D 



TG/\ATAAATT 
M N K L 



CCACTITCAT 
O F H 



ttcatcctcg 

L M L 



tjmut) 1220 

k:int"mu) 



ATGAGrfrrrr ct-aatcacxa ttggtta/\tt ggttctaaca ctcccagagc attaccctca 

P E > F 



kLinfitni) 



aTGACCjGA cffiCcc^AGc tcatgaccaa /S^'vTCccrrA.v ccrrGAcrnr cGirccACrG 



kanfwt) UOO 
fcaatwr) IO-*n 
kantwt) 9Kn 
kjniwt) 920 
kjnfwl) S60 



agcctcagac cccctaOaaa agatcaaacc atcttcttca gatccttttt rrcrccccGT 

/WTCTCCrCC TTCCAAACAA AAAAACCACC CCTACCaCCG CTCCTTTcTTT T0CC0CATC/\ 

AGAGCTACCA ACTCmTTC CC,\/\CCTaaC TCCCTTCACC aGACCGC\CA TaCC^WATaC 

TGTTCTTCTa GTCTACCCar ACTTACXXXTA CCaCTTCAAO AACTCTGTAO caccccciac 

ATaCCTCGCT CTGCTAATCC TGTTACCACT CCCrCCTCCC 



Note : Mutated nucleotides are underlined. The AIwNI and EcoOl09I sites arc indicated in bold 
type. The nucleotide numbering eetem»iFiavihffu..same .a^i the backbone vector pUK21. 
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Pla.smid D?\ A Vectors 
Tabic 3 

Plasmids containins immunosUmuluiu?y CpG motifs 



Davis a ai f 199?;) 



Plasmid 



pMCG-16 



dMCG-50 



pMCG-100 



pMCG-200 



pHCG-30 



pHCGoQ 



pHCG-inO 



pHCG-20Q 
PHIS-4Q 
pHT.S-64 



pHIS-12S 



1 



T 



Backbone ]sJo CpG 

motif's 



DMAS 



16 



50 



pMAS 



100 



pMAS 



pMAS 



PM.A.S 



200 



0 



50 



rMAS 



100 



pMAS 



pMAS 



200 



40 



pMAS 



pMAS 



64 



12S 



£MAS 



192 



Species-specificity and ODN equival 
of CpG-S Inscn 



encc 



mouiie-specific CpG moiif - 1 826 ' 



human-specific CpG motif - no ODK equivalcm - 



human-specilk CpG moiif ^2006 



:;cqucncc of 1826 is TCCATGACO'lTCCTGAC^rF 
sequence used as source of CpG motifs is ^ 

GACrrcnTGTCGTTCrrCTGTCGreTTTAGCSCTTCTCCTG^^^ 
SL-quL-nu-e of 2006 Ls TCGTCGTTTTGTCQrfTrGTC.GTT 
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Tabic 4 

Plasmids encoding hepatitis B surface antigen (derived from ayw or adw subtypes of HBV) 



Plasmid 


Backbone 


Insert 


5 pUK-S 


pUK2 1 -A2 


HBV-S (avw) 


pLTKAX-S 


pUK21-AX* 


HBV-S (avw) 


pMAS-S 


pMAS 


HBV-S (ayw) 


pMCG16-S 


pMCG-16 


HBV-S (ayw) 


pMCG50-S 


pMCG-50 


HBV-S (ayw) 


10 pMCGlOO-S 


pMCG-100 


HBV-S (ayw) 


pMCG200-S 


pMCG-200 


HBV-S (ayw) 


pHCG30-S 


pHCG-30 


HBV-S (ayw) 


pHCG50-S 


pHCG-50 


HBV-S (ayw) 


pHCG 1 00-S 


pHCG-100 


HBV-S (ayw) 


15 pHCG200-S 


pHCG-200 


HBV-S (ayw) 


pHlS20-S(ad) 


pHiS-20 


HBV-S(adw2) 


pHIS36-S(ad) 


pHIS-36 


HBV-S(adw2) 


pHIS72-S(ad) 


pHIS-72 


HBV-S(adw2) 


pHIS108-S(ad) 


PHIS- 108 


HBV-S(adw2) 



20 



*pUK21-AX was created by deleting fl origin from pUK21-A 
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Table 6 ODN used with plasmid DNA 



Backbone 



S-ODN 



ODN coilc iiiiinher 



1826 



1628 



1911 



1982 



2017 



.Se(nn;iice 

TCCATGACGTTCCTGACGTT 

GGGGTCAACGTTGAGGGGGG 

TCCAGGACTTTCCTCAGGTT 

TCCAGGACTTCTCTCAGGTT 

CCCCCCCCCCCCCCCCCCCC 



O-ODN 



2061 



2001 



TCCATGACGTTCCTGACGTT 

GGCGGCGGCGGCGGCGGCGG 



1 0 SOS-ODN 



15 



1980 

1585 

1844 
1972 

2042 

1981 

2018 

2021 

2022 
2023 



TCCATGACGTTCCTGACGTT 

GGGGTCAACGTTGAGGGGGG 

TCTCCCAGCGTGCGCCATAT 
GGGGTCTGTGCTTTTGGGGGG 

TCAGGGGTGGGGGGAACCTT 

GGGGTTGACGTTTTGGGGGG 

TCTAGCGTTTTTAGCGTTCC 



20 Note: (SEQ ID N0:5 1 -67, respectively) 



'iT:n'iT;<4TT(rii:(;TT(;'i^ 

TCGTCGTTTTGTCGTTTTGTCGTT 
TCGTCGTTGTCGTTTTGTCGTT 



SOS-ODN had two S-linkages at the 5' end. f.ve S-linkages at the 3' end, and O-link 
in between. 



nkages 
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i 

1 hrcc ODN used in this study were of the same murine-specific immunostimulatory 
sequence in three different backbones (I 826, 2061 and 1980). 

All ODN were synthesized by Hybridon (Milford, MA) or Operon (Alameda, CA). ODN 
were ethanol precipitated and resuspended in saline prior to use alone or as an additive to 
5 the plasmid DNA solution. 
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Table 7 Genomic frequencies of selected hexamers 





Genomic 


frequency (X 1 0 




hexamer: 


Adenovirus 
Type 2 


Adenovirus 
Type 12 


H. coh 


Human 


UCGCGC 
GCGGCG 
GGCGGC 
CGCGCG 
GCCGCC 
CGCCGC 
GACGTT 


1.614 
1.530 
1.419 
1.336 
1.280 
1.252 
0.083 


0.498 
0.469 
0.440 
0.322 
0.410 
0.410 
0.234 


0.462 
0.745 
0.674 
0.379 
0.466 
0.623 
0.263 


0.153 
0.285 
0.388 
0.106 
0.377 
0.274 
0.068 


AACGTT 


0.056 


0.205 


0.347 


0.056 


(CpG-S) 











Ihc frequencies of hexamers .n adenoviral and £. coli genomes were kindly provided by J I Ian 
(University of Alabama. Binmngham). who also detennined those for the human genome". The 
hexamer frequences m type 5 adenovirus are essentially identical to those m type 2 and are 
therefore not sho^vn. The last two hexamers are CpG-S motifs shown for comparison and are the 
most stimulatory of all tested CpG-S motifs. 

Note that the expected frequency of;, randomly selected hexamer is 1/4096 ^ 0.244 10 \ 
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Table 8 Genomic DNA from type 12 but not type 2 adenovirus stimulates cytokine secretion 
from human PBMC 







Experiment 1 ' 




Experiment 2' 




TNF-a 


IL-6 


TNF-a 


IL-6 


Cells 


27 


800 


30 


800 


EC 3 iig/m] 


235 


26,500 


563 


34,000 


CT 1 0 jig/ml 


0 


1 ,400 


0 


2,800 


Adv 2; 3 |ig/ml 


15.6 


900 


30 


1,900 


Adv 1 2; 3 jig/ml 


86 


1 1 ,300 


120 


1 1 ,250 



*PBMC were obtained from normal human donors and cultured at 1X10^ cells/200 ^1 in 
RPMI with 10% autologous scnim for 4 hr (TNF-a assay) or 24 hr (TL-6 assay). Tlic level of 
cytokine present in culture supematants was determined by ELISA (pg/ml). 

Adv = adenovirus serotype 
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Tahic 9 



Adenoviral type 5 DNA suppresses the cytokine response to EC DNA by human PBMC 



DNA Source 
EC DNA (50 ue/mn 



EC DNA (5 u^mn 



EC DNA (0.5 us/mn 
EC DNA (0.05 z/g/mn 



Adenoviral DNA (50 u^ml) 
Adenoviral DNA (5 up/ml) 



ECrAdeno DNA (50:50 

Atg/ml) 

EC:Adeno DNA (5:5 uc/m\) 



IL -6 (pg/m l) 
>3000 
>3000 



>3000 
3000 



TNF - (pg/ ml) 
700 



675 



350 



2500 



1500 



2000 



1500 



0 



0 



40 



ND 



Represents the level of cytokine production above that in wells cultured wiUi cells alone 
without any DNA . Levels of cytokines were dete^ined by ELISA using Quantikine kits from 
R&D Systems. 



ND = not done 
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Table 10 



Inhibitory CpG motifs can block B cell proliferation induced by a stimulatory CpG motif 



Oli^onuclcolidc added 


cpm 


medium 


194 


1668 (TCCATGACGTTCCTGATGCT) 


34,669 


1668 + 1735 (GCGTrTITTTTTGCG) 


24,452 


1720 (TCCATGAGCTTCCTGATGCT) 


601 


1720+1735 


1109 



Splenic B cells from a DBA/2 mouse were cultured at 5 X 10 cells/100 fi\ well in 96 well 
microtiter plates in RPMl as previously described (Krieg, et al., 1995) with or without the 
indicated phosphorothioate modified oligonucleotides at a concentration of 60 ng/ml for 48 hr. 
The cells were then pulsed with ■'H thymidine, harvested, and the cpm determined by scintillation 
counting. The stimulatory CpG oligo 1668 was slightly but significantly inhibited by the 
inhibitory motifs in oligo 1 735. Tlic non CpG oligo 1 720 is included as a negative control. (SCO 
ID NO:68-70, respectively). 



0 
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Table II 



Inhihit 



'.ory e/ject. of "had'- CpG motifs on the -^ood- OU^o 1619 



Note. 



Th 



e se 



qucncc of oligo 1619 is TCCATGTCGTTCCTGATGCT 



1 949 his only 1 GCG thf- t » , a i • i^ t 

y U.-Oatthc3 -nd, wluch hn. essentially no ix^^^^ 



Oligonucleotide added 



medium 



1619 alone 



n.-]2 in pg/mJ 



1619 r949 (TCCATGTCGTTCCTGATGCG) 



1619 -f 1952 (TCCATGTCGTTCCGCGCGCG) 
1619 -f 1953 CTCCATGTCCTTCCTGCCGCT) 



1619 + 1955 (GCGGCGGGCGGCGCGCCCCC) 




culture and tested fox IL-12 by ELIsT All ^n™ "^'^ '^""^^^^^ of 
60 pg/ml of the stimulatory CdG ohVoH. T ^^^^^ (medium) contained 

inhibitory (all other .sequS«s hav/ll^^^^^-^^^^^^^^ stimulatory (1949) and 

indieated wells at .the s^T oneentrat^.n af "^"""^ "''S^ were added to the 

umnodified backbone. """"t^-^^on at the begmmng of eulturc. All ohgos have 
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Tabic 12 

Effect of CpG-S ODN adjuvant on anti-HBs response in mice immunized with HBsAg- 
expressing DNA vaccine (pCMV-S): comparison of mixed formulation with temporal or 
spatial separation of plasmid DNA and ODN 



CpG ODN ( 1 00 pg) 


Site and Time Relative to DNA vaccine 
(pCMV-S. 10 ^g) 


Anti-HBs Tiler 
at 1 2 wk 


Sequence 


Backbone 






None 
18260 


O-ODN 


Mixed together (same time, same muscle) 


6 379 ±2 126 
4 395 ± 1 390 
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All references cited herein are hereby incorporated by reference in their entirety. 
DNA vaccines given intramuscular: 

Donnelly, J. J.. Ulmcr. J. B., & Liu. M. A. (1997). DNA vaccines. Life Sciences, 60, 
163-172. 

5 Donnelly, J.J., Ulmer. J.B.. Shiver, J.W. & Liu. M.A. DNA vaccines. Ann. Rev. 
Immunol. 15, 617-648 (1997). 

Davis, H.L. (1998). Gene-based vaccines. In: Advanced Gene Delivery; From 
ConcepLs to PlKirmaceutical Products (Ed. A. Rolland), Hauvood Academic Publishers 
(in press). 

10 Davis, H.L.and Brazolot Millan C.L. (1998). DNA-based immunization. In: Blood Cell 
Biochemistry. Volume 8 : "Hemopoiesis and Gene Therapy" Ed. L.J. Fairbaim and 
N. Testa, (in press). 

Addition of CpG-S motifs to improve DNA vaccines 

Sato, Y., er al. Immuno-stimulatory DNA sequences necessary for effective 
15 mtradermal gene immunization. Science 273, 352-354 (1996). 

Klinman, D.M., Yamshchikov, G. & Ishigatsubo. Y. Contribution of CpG motifs to 
the immunogenicity of DNA vaccines. J. Immunol. 158, 3635-3639 (1997). 

Delivery of DNA vaccines ^^s DNA coated onto gold particles and delivered by gene- 
gun: 

20 Fuller, D. H., Murphcy-Corb, M., Clements. J.. Onmcd. S.. & Mayncs, J. R. (1996). 
Induction of immunodeficiency virus-specific immune responses in rhesus monkeys 
following gene gun-mediated DNA vaccination. J. Med. Primatol.. 25. 236-241. 
Fynan, E. F.. Webster, R. G., Fuller, b. H.. Haynes. J. R.. Santoro, J. C.'. & Robinson, 
H. L. (1993). DNA vaccines: Protective immunizations by parental, mucosal, and 

25 gene-gun inoculations. Proc. Natl. Acad. Sci. USA, 90, 11478-11482. 

Tang. D., DeVit. M., & Johnston, S. A. (1992). Genetic immunization is a simple 
method for eliciting an immune response. Nature, 356, 152-154. 
Haynes, J.R.. Fuller. D.H.. McCabe. D., Swain. W.F.. and Widera. G. (1996) 
Induction and characterization of humoral and cellular immune responses elicited via 
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gene gun-mediated nucleic acid immunization. Advanced Drug Delivery Reviews, 21, 
3-18, 

Intramuscular delivery of DNA vaccines 

Davis, H.L., Michel, M.-L., Whalen, R.G. (1993b) DNA based immunization for 
5 hepatitis B induces continuous secretion of antigen and high levels of circulating 
antibody. Human Molcc. Genet., 2, 1847-1851. 

Yankauckas, M.A., Morrow, J.E., Parker, S.E., Abai, A., Rliodes, G.H., Dwarki, V.J., 
Gromkowski, S.H. (1993) Long-term anti-nucleoprotein cellular and humoral 
immunity is induced by intramuscular injection of plasmid DNA containing NP gene. 
10 DNA Cell Biol., 12, 771-776. 

Intradermal delivery of DNA vaccines (injection - not gene gun) 
Sato, Y., Roman, M., Tighe, H., Lee, D., Corr, M., Nguyen, M.-D., Silvenrian, G. J., 
Lotz, M., Carson, D. A., & Raz, E. (1996). Immunostimulatory DNA sequences 
necessary for effective intradermal gene immunization. Science, 273, 352-354. 
15 Raz, E., Carson, D.A., Parker, S.E., Parr, T.B,, Abai, A.M., Aichingcr, G., 
Gromkowski, S.H., Singli, M., Lew, D., Yankauckas, M.A., Baird, S.M., Rhodes, G.H. 
(1994) Intradermal gene immunization: the possible role of DNA uptake in the 
induction of cellular immunity to viruses. Proc. Natl. Acad. Sci. USA, 91, 9519-9523. 

mucosal delivery of DNA vaccine: 
20 intravaginal 

Bagarazzi, M. L., Boyer, J. D., Javadian, M. A., Chattergoon, M., Dang, K., Kim, G., 
Shah, J., Wang, B., & Weiner, D. B. (1997). Safety and immunogenicity of 
intramuscular and intravaginal delivery of HIV-1 DNA constructs to infant 
chimpanzees. J. Med. Primatol., 26, 27-33. 
25 intranasal 

Fynan, E. F., Webster, R. G., Fuller, D. H., Haynes, J. R., Santoro, J. C, & Robinson, 
H. L. (1993). DNA vaccines: Protective immunizations by parental, mucosal, and 
gene-gun inoculations. Proc. Natl. Acad. Sci. USA, 90, 11478-11482. 
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Gnimzinski, R. A., Brazolot Millan. C. L.. Obaldia, N:, Hoffman, S. L., & Davis, H. 
L. (1998). Immune response to a hepatitis B DNA vaccine in Aotus monkeys: A 
comparison of vaccine formulation, route and method of administration. Molec. Med, 
4:128-142. 

5 oral - microencapsulated 

Herrmann. J.E.. Chen. S.C., Fynan. E.F.. Santoro. J.C.. Greenberg. H.B.. Wang. S.. 
Robinson, H.L. (1996) Protection against rotavirus infections by DNA vaccination. J. 
Infect. Dis., 174, S93-97. 

oral mucosa with gene-gun 
10 Keller, E.T., Burkholdcr. J.K., Shi. R. Pugh. T.D., McCabe, D.. Maltcr. J.S., 
MacEw^m. E.g., Yang, N.S.. Ershler, W.B. (1996) In vivo particle-mediated cytoline 
gene transfer into canine oral mucosa and epidermis. Cancer Gene Ther., 3. 186-191. 

improvement of DNA vaccines by coexprcssion of cytokines or costimulatory 
molecules 

15 Geissler. M., Gesien, A.. Tokushige, K., Wands, J.R. (1997a) Enhancement of cellular 
and humoral immune responses to hepatitis C virus core protein using DNA-based 
vaccines augmented with cytokine-expressing plasmids. J. Immunol., 158, 1231-1237. 
Iwasaki, A., Stiemholm, B.J., Chan. A.K., Berinstein, N.L., Barber, B.H. (1997) 
Enhanced CTL responses mediated by plasmid DNA immunogens encoding 

20 costimulatory molecules and cytokines. J. Immunol., 158, 4591-4601. 

Kim, J.J., Ayyavoo. V., Bagarazzi. M.L.. Chatlcrgoon. M.A., Dang, K, Wang. B., 
Boyer, J.D.. Weiner, D.B. (1997) /„ vivo engineering of a cellular immune response 
by coadminisu-ation of IL-ll expression vector with a DNA immunogen. J. Immunol. 
158, 816-826. 



25 APC can induce immune responses with DNA 
cannot: 



vaccine - transfected muscle cells 



Corr. M.. Lee. D. J., Carson, D. A.. & Tighe, H. (1996). Gene vaccination with naked 
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phismici DNA: Mechanism of CTL priming. J. Exp. Med., 184, 1555-1560. 
Doe, B., Sclby, S., Burnett, J., Baenziger, J., & Walker, C. M. (1996). Induction of 
cytotoxic T lymphocytes by intramuscular immunization with plasmid DNA is 
facilitated by bone marrow-derived cells. Proc. Natl. Acad. Sci. USA, 93, 8578-8583. 
5 Iwasaki, A., Torres, C. A. T., Ohashi, P., Robinson, H. L., & Barber, B. H. (1997). 
The dominant role of bone-marrow derived cells in CTL induction following plasmid 
DNA immunization at different sites. J. Immunol., 159, 11-14. 
APC (dendritic cells) are transfected by DNA vaccine 

Condon, C, Watkins, S.C., Celluzzi, CM., Thompson, K., Falo, L.D., Jr. (1996) 
10 DNA-based immunization by in vivo transfection of dendritic cells. Nat. Med., 2, 
1122-1128. 

Nature of antigen expression 

Davis, H.L., Brazolot Millan, C.L., Watkins, S.C. (1997) Immune-mediated destruction 
of transfected muscle fibers after direct gene transfer with antigen-expressing plasmid 

15 DNA. Gene Ther., 4, 181-188. 

Inchauspe, G., Vitvitski, L., Major, M.E., Jung, G., Spengler, U., Maisonnas, M., 
Trepo, C. (1997) Plasmid DNA expressing a secreted or a nonsecreted form of 
hepatitis C virus nucleocapsid: comparative studies of antibody and T-helper 
responses following genetic immunization. DNA Cell Biol., 16, 185-195. 

20 Michel, M. L., Davis, H. L., Schleef, M., Mancini, M., Tiollais, P., & Whalen, R. G. 
(1995). DNA-mcdiatcd immunization to the hepatitis B surface antigen in mice: 
Aspects of the humoral response mimic hepatitis B viral infection in humans. Proc. 
Natl. Acad. Sci. USA, 92, 5307-5311. 

indirect (ex vivo) gene transfer of dendritic cells 
25 Manickan, E., Kanangat, S., Rouse, R. J., Yu, Z., & Rouse, B. T. (1997). 
Enhancement of immune response to naked DNA vaccine by immunization with 
transfected dendritic cells. J. Leukoc. Biol., 61, 125-132. 
DNA vaccine for treatment of chronic viral infection (animal model) 
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Mancini. M.. Hadchouel, M.. Davis, H. L., Whalen. R. G., Tiollais. P., & Michel. M. 
L. (1996). DNA-mediated immunization in a transgenic mouse model of the hepatitis 
B surface antigen chronic carrier state. Proc. Natl. Acad. Sci. USA, 93, 12496-12501. 

DNA vaccines for cancer immunotherapy 
5 Irvine. K.R.. Rao, J.B. Rosenberg, S.A., Restifo, N.P. (1996) Cytokine enhancement 
of DNA immunization ' leads to effective treatment of established pulmonary 
metastases. J. Immunol., 156, 238-245. 

Bueler, H., Mulligan, R.C. (1996) Induction of antigen-specific tumor immunity by 
genetic and cellular vaccines against MAGE: enhanced tumor protection by 
10 coexpression of granulocyte-macrophage colony-stimulating factor and B7-1. Mol. 
Med., 2, 545-555. 

Ciemik. I.F.. Berzofsky, J.A., Carbone. D.P.(1996) Induction of cytotoxic T 
lymphocytes and antitumor immunity with DNA vaccines expressing single T cell 
epitopes. J. Immunol.. 156, 2369-2375. 
15 Coniy. R.M.. LoBuglio. A.F.. Locchcl, R. Moore. S.E.. Sumcrcl. L.A.. Barlow. D.L.. 
Curiel D.T.. (1995) A carcinoembryonic antigen polynucleotide vaccine has in vivo 
antitumor activity. Gene Then, 2, 59-65. 

Corny, R.M.. LoBuglio, A.F.. Loechel, P.. Moore. S.E., Sumerel. L.A., Barlow, D.L. 

Pike. J.. Curiel D.T. (1995) A carcinoembryonic antigen polynucleotide vaccine for 
20 human clinical use. Cancer Gene Then, 2. 33-38. 

Corny. R.M., LoBuglio. A.F.. Curiel. D.T. (1996) Polynucleotide-mediated 

immunization therapy of cancer. Semin. Oncol. . 23. 135-147. 

Schirmbeck, R., Bohm, W.. Reimann, J. (1996) DNA vaccination primes MHC class 

I-restricted. simian virus 40 large tumor antigen-specific CTL in H-2d mice that reject 
25 syngeneic tumors. J. Immunol., 157, 3550-3558. 

Gene therapy 

Mahvi, D.M., B„rkhoHcr, J.K.. Tumor, J.. C.lp. J., M.Ucr, J.S.. Sc.lcl. P.M.. Y,,,,.. 
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N.S. (1996) Particle-mediated gene transfer of granulocyte-macrophage colony- 
stimulating factor cDNA to tumor cells: implications for a clinically relevant tumor 
vaccine. Hum. Gene Ther., 7, 1535-1543. 

Other References: 

5 Ballas, Z. K., Rasmusscn, W. I ,, and Kricg, A. M. Induction of natural killer activity 
in murine and human cells by CpG motifs in oligodcoxynucleotidcs and bacterial 
DNA. y. Immunol, 157: 1840-1845 (1996). 

Bartlett, R. J., Secore, S. L., Singer, J. T., Bodo, M., Sharma, K. and Ricordi, C. 
Long-term expression of a fluorescent reporter gene via direct injection of plasmid 
10 vector into mouse skeletal muscle: comparison of human creatine kinase and CMV 
promoter expression levels in vivo. Cell Transplantation. 5: 411-419 (1996). 
Bird, A. P. CpG islands as gene markers in the vertebrate nucleus. Trends in 
Genetics. 3: 342-347 (1987). 

Chu, R. S., Targoni, O. S., Krieg, A. M., Lehmann, P. V. and Harding, C. V. CpG 
15 Oligodeoxynucleotides act as adjuvants that switch on Thl immunity. 7. Exp. Med. 
186: 1623-1631 (1997). 

Cowdery, J. S., Chace, J. H., Yi, A.-K. and Krieg, A. M. Bacterial DNA induces NK 
cells to produce intcrferon-y in vivo and increases the toxicity of lipopolysaccharide. 
y. ImmiinoL 156: 4570-4575 (1996). 
20 Davis, H. L., Michel, M. -L. and Whalen, R. G. DNA based immunization for 
hepatitis B induces continuous secretion of antigen and high levels of circulating 
antibody. Human Molec. Genetics. 2: 1847-1851 (1993a). 

Davis H. L., Whalen R. G. and Demeneix B. A. Direct gene transfer into skeletal 
muscle in vivo: factors affecting efficiency of transfer and stability of expression. 
25 Human Gene Ther. 4: 151-159 (1993b). 

Davis, H. L. Plasmid DNA expression systems for the purpose of immunization. 
Current Opinions Biotech. 8: 635-640 (1997). 

Davis, H. L., Weeratna, R., Waldschmidt, T. J., Schorr, J. and Krieg, A. M. CpG 
DNA is a potent adjuvant in mice immunized with recombinant hepatitis B surface 
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antigen. 7. ImmimoL 160: 870-876 (1998). 

Donnelly, J. J., Ulmer, J. B., Shiver, J. W. and Liu, M. A, DNA vaecines. Ann^ Rev. 
Immunol, 15: 617-648 (1997). 

Gc, L. mid Rudolph. P. Simultaneous introduction of multiple mutations using overlap 
5 extension PGR. BioTechniques 22: 28-30 (1997). 

Gramzinski. R. A.. Bra^olot Millan. C. L., Obaldia, R. Hoffman, S. L. & Davis. H L 
Immune response to a hepaUtis B DNA vaecine in Actus monkeys: A comparison of 
vaccine formulation, route and method of administration. Molec. Med 4- 109-119 
(1998). 

10 Gribaudo, G.. Ravaglia S.. Caliendo A., Cavallo R., Ganglio M.. Martinotti M. G. and 
Landolfo S. Interferons inhibit onset of murine cytomegalovin^s immediate-early gene 
transcription. Virology. 197: 303-311 (1993). 

Guidotti, L. G., Ando K.. Hobbs M. V.. Ishikawa T., Runkel L., Schreiber R. D. and 
Chisari F. V. Cytotoxic T lymphocytes inhibit hepatitis B virus gene expression by 
15 a noncytolytic mechanism in transgenic mice. Proc. Natl. Acad. Sci. USA. 91 ■ 3764- 
3768 (1994). 

Halpem. M. D., Kurlander, R. J. and Pisetsky, D. S. Bacterial DNA induces murine 
mterferon-Y production by stimulation'of interleukin-12 and tumor necrosis factor-a. 
Cell ImmunoL 167; 72-78 (1996). 

20 Harms. J. S. and Splitter G. A. Interferon-gamma inhibits transgene expression driven 
by SV40 or CMV promoters but augments expression driven by the mammalian MHC 
I promoter. Human Gene Ther. 6: 1291-1297 (1995). 

Ilorvath. J.. Palkonyay, L. and Weber. J. Group C adenovirus DNA sequences in 
human lymphoid cells. J. Virol. 59: 189-192 (1986). 
25 Karlin. S.. Doerfler. W. and Cardon. L. R. Why is CpG suppressed in the genomes 
of vn-tually all snu.Ii et.karyo.ic viruses but uol in those of large cuk:u-yotic viruses7 
J. ViroL 68: 2889-2897 (1994). 

Klinman, D., Yi, A. -K., Beaucage. S. L.. Conover, J. and Krieg, A. M. CpG motifs 
expressed by bacterial DNA rapidly induce lymphocytes to secrete IL-6. IL-12 and 
30 IFN. Proc. Natl Acad. ScL USA. 93: 2879-2883 (1996). 



SUBSTITUTE SHEET (RULE 26) 



\V()*>K/S?.SNI 



Vi l/IISOK/IO'lim 



- 81 - 

Klinman, D. M., Yamshchikov G. and Ishigalsubo Y. Contribution of CpG motifs to 
the immunogcnicity of DNA vaccines. J. ImmimoL 158: 3635-3639 (1997). 
Krieg, A. M., Yi, A.-K., Matson, S., Waldschmidt, T. J., Bishop, G. A., Teasdale, R., 
Koretzky, G. A. and Klinman, D. M. CpG motifs in bacterial DNA trigger direct B- 
5 cell activation. Nature. 374: 546-549 (1995). 

Kricg, A. M., Yi, A.-K., Schorr, J. and Davis, H. I.. The role of CpG dinuclcotidcs 
in DNA vaccines. Trends Microbiology. 6: 23-27 (1998). 

Lasic, D. D., and Templeton, N. S. Liposomes in gene therapy. Advanced Drug 
Delivery 
10 Review. 20: 221-266 (1996). 
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Lipford, G. B.. Bauer. M., Blank, C, Reiter. R.. Wagner. H. and Heeg, K. CpG- 
5 containing synthetic oligonucleotides promote B and cytotoxic T cell responses to 
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Novel Adjuvant for Systemic and Mucosal Immunization with Influenza Virus. 
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A number of embodiments of the present invention have been described. Nevertheless, 
it will be understood tliat various modifications may be made without departing from 
the spirit and scope, of the invention. Accordingly, other embodiments arc within the 
25 .scope of the following claims. 
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WHAT IS CLAIMED IS: 

1. A method for enhancing the immunostimulatory effect of an antigen encoded by nucleic acid 
contained in a nucleic acid construct comprising: 

determining the CpG-N and CpG-S motifs present in the construct; and 
removing neutralizing CpG (CpG-N) motifs and optionally inserting stimulatory 
CpG (CpG-S) motifs in the construct, 

thereby producing a nucleic acid constmct having enhanced immunostimulatory efficacy. 

2. The method of claim 1, wherein the CpG-N motifs are removed by site-specific mutagenesis. 

3. The method of claim 1, wherein the CpG-N motifs are selected from the group consisting of 
clusters of direct repeats of CpG dinuclcotides, CCG trinucleotides, CGG trinucleotides, CCGG 
tetranucleotides, CGCG tetranucleotides and a combination thereof. 

4. The method of claim 1 , wherein the nucleic acid construct is an expression vector. 

5. The method of claim 4, wherein the vector is a plasmid. 

6. The method of claim 4, wherein the vector is a viral vector. 

7. The method of claim I , wherein the CpG-S motifs in the construct comprise a motif having the 
formula: 

5^.X,CGX3 3* 

wherein at least one nucleotide separates consecutive CpGs, X, is adenine, guanine, or thymine 
and X, is cytosine, thymine, or adenine. 



8. The method of claim 7, wherein the motif is selected from the group consisting of GACGTT, 
AGCGTT, AACGCT, GTCGTT and AACGAT. 
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9. The method of claim 7, wherein the motif comprises TCAACGTT. 

1 0. The method of claim 7, wherein the motif comprises GTCC(T/C)T or TGACGTT. 
1 l.The method of claim 7. wherein the motif comprises TGTCG(T/C)T. 

1 2. The method of claim 7. wherein the motif comprises TCCATGTCGTTCCTGTCGrT. 

13. The method of claim 7, wherein the motif comprises TCCTGACGTTCCTGACGrr. 

14. The method of claim 7, wherein the motif comprises TCGTCGTrTTGTCGTTTTGTCGTr. 

1 5. The method of claim 1 . wherein the antigen is a viral antigen. 

16. The method of claim 15. wherein the viral antigen is from Hepatitis B virus (HBV). 

17. The method of claim 16. wherein the viral antigen is HBV surface antigen 

1 8. The method of claim 1 . wherein the antigen is a bacterial antigen. 

1 9. The method of claim I , wherein the antigen is derived from a parasite. 

20. The method of claim 1. wherein the nucleic acid constn.ct further compri.ses regulatory 
sequences for expression of DNA in euk.yotic cells and nucle.c acid sequences encoding at least 
one antigenic polypeptide. 

2 1 . The method of claim 20, wherein the regulato^^ sequence is a promoter. 

22. The method of claim 21, wherein the promoter is insensitive to cytokine regulation. 
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23. The method of claim 2 1 , wherein the promoter is cytokine sensitive. 

24. The method of claim 21, wherein the promoter is a non-viral promoter. 

25. Thc method of claim 2 1 , wherein the promoter is a viral promoter. 

26. The method of claim 2 1 , wherein the promoter is a tissue- or ccll-spcciflc promoter. 

27. The method of claim 26, wherein the cell-specific promoter is operative in antigen-presenting 
cells. 

28. The method of claim 27, wherein the promoter is a mammalian MHC I promoter. 

29. The method of claim 25, wherein the promoter is a CMV promoter. 

30. A method for stimulating a protective or therapeutic immune response to an antigen in a subject 
comprising: 

administering to the subject an effective amount of a nucleic acid construct produced by 
determining the CpG-N and CpG-S motifs present in the construct; and 

removing neutralizing CpG (CpG-N) motifs and optionally inserting stimulatory 
CpG (CpG-S) motifs in the construct, 

thereby producing a nucleic acid construct having enhanced immunostimulator>' efficacy and 
stimulating a protective or therapeutic immune response in the subject. 

31. The method of claim 30, wherein the nucleic acid construct further comprises regulatory 
sequences for expression of DNA in eukaryotic cells and nucleic acid sequences encoding at least 
one antigenic polypeptide. 

32. The method of claim 30, wherein the construct is an expression vector. 
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33. The method of claim 3 1 , wherein the regulatory sequence is a promoter. 

34. The method of claim 33, wherein the promoter is msensiti ve to cytokine regulation. 

35. The method of claim 33, wherein llic promoter is cytokine sensitive. 

36. The method of claim 33, wherein the promoter is a non-viral promoter. 

37. The method of claim 33, wherein the promoter is a viral promoter. 

38. The method of claim 33, wherein the promoter is a tissue-specific promoter. 

39. The method of claim 33, wherein the promoter is a cell-specific promoter. 

40. The method of claim 39, wherein the cell-specific promoter is operative in anti.en-presentino 

ceils. 



promoter. 



4 1 . nie method of claim 40, wherein the promoter is a mammalian MHC I 

42. The method of claim 37, wherein the promoter is a CMV promoter. 

43. The method of claim 30, wherein the antigen is a viral antigen. 

44. The method of claim 43, wherein the viral antigen is from Hepatitis B virus (HBV). 

45. The method of claim 30, wherein the antigen is a bacterial antigen. 
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46. The method ofchiim 30, vvheieiii the CpG-N inotils me selected from the group eonsistinu ol" 
clusters of direct repeats of CpG dinucleotides, CCG trinucleotides, CGG trinucleotides, 
CGGG letranucleotides, CGCG letranucleotides and a combination thereof. 

47. The method of claim 32, wherein the vector is a plasmid. 

48. The method of claim 32, wherein the vector is a viral vector. 

49. The method of claim 30, wherein the CpG-S motifs in the construct comprise a motif having 
the formula: 

5'X,CGX, 3* 

wherein at least one nucleotide separates consecutive CpGs, X, is adenine, guanine, or 
thymine and is cytosine, thymine, or adenine. 

■« - 

50. The method of claim 49, wherein the motif is selected from the group consisting of 
GACGTT, AGCGTT. AACGCT, GTCGTT and AACGAT. 

5 1 . The method of claim 49, wherein the motif comprises TCAACGTT. 

52. The method of claim 49, wherein the motif comprises GTCG(T/C)T or TGACGTT. 

53. The method of claim 49, wherein the motif comprises TGTCG(T/C)T. 

54. The method of claim 49, wherein the motif comprises TCCATGTCGTTCCTGTCGTT. 

55. The method of claim 49, wherein the motif comprises TCCTGACGTTCCTGACGTT. 

56. The method of claim 49, wherein the motif comprises TCGTCGTTTTGTCGTTTTGTCGTT. 



57. The method of claim 30, wherein the antigen is derived from a parasite. 
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58. The method of claim 30. wherein the antigen is administered to the subject essentially 
siniiiliancously with the nucleic acid construct. 

59. A method for enhancing the expression of a therapeutic polypeptide in vivo wherein the 
polypeptide is encoded by a nucleic acid contained in a nucleic acid construct comprising 
detem,ining the CpG-N and CpG-S motifs present in the consta^ct, removing stimulatory^ 
CpG (CpG-S) motifs and/or inserting neutralizing CpG (CpG-N) motifs, thereby producina 
nucleic acid construct providing enhanced expression of the therapeutic polypeptide. 

60. The method ofclaim 59, wherein the CpG-S motifs are removed by site-specific mutagenes 

6 1 . The method ofclaim 59, wherein the CpG-N motifs arc selected from the group consisting c 
clusters of direct repeats of CpG dinucleotides, CCG tnnucleotides, CGG trinucleotides. ^ 
CCGG tetranucleotides, CGCG tetranucleotidcs and a combination thereof. 

62. The method ofclaim 59, wherein the nucleic acid construct is an expression vector. 

63. The method of claim 62 wherein the vector is a plasmid. 

64. The method of claim 62, wherein the vector is a viral vector. 

65. The method ofclaim 59, wherein the CpG-S motifs in the construct comprise a motif 
having the formula: 

5'X,CGX, 3' 

wherein at least one nucleotide separates consecutive CpGs, X, is adenine, guanine, or 
thymine and X, is cytosine. thymine, or adenine. 

66. The method ofclaim 65. wherein the motif is selected from the group consistinc of 
GACGTT, AGCGTT, AACGCT, GTCGTT and AACGAT. 
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67. The method of claim 65, wherein the molif contains TCAACGTT. 

68. The method of claim 65, wherein the motif contains GTCG(T/C)T or TGACGTT. 
60. The mclluxl ofchnm 65, wherein (lie motif contains TGTCGri7C)T. 

70. The method of claim 65, wherein the molif contains TCCATGTCGTTCCTGTCGTT. 

71. The method of claim 65, wherein the motif contains TCCTGACGTTCCTGACGTT. 

72. The method of claim 65, wherein the motif contains TCG TCGlTTTGrCG ITTfGTCGTr. 

73. The method of claim 59, wherein the therapeutic polypeptide is selected from the group 
consisting of growth factors, toxins, tumor suppressors, cytokines, apoptotic proteins, 
interferons, hormones, clotting factors, ligands and receptors. 

74. The method of claim 59, wherein the nucleic acid construct further comprises regulatory 
sequences for expression of DNA in eukaryotic cells and nucleic acid sequences encoding at 
least one therapeutic polypeptide. 

75. The method of claim 74, wherein the regulatory sequence is' a promoter. 

76. The method of claim 75, wherein the promoter is insensitive to cytokine regulation. 

77. The method of claim 75, wherein the promoter is a non-viral promoter. 

78. The method of claim 75, wherein the promoter is a viral promoter. 

79. The method of claim 78, wherein the promoter is a CMV promoter. 
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80. The n^cthod of claim 75. wherein the promoter is a tissue- or cel,-specinc promoter. 



8 1 . The method of claim 80, wherein the tis 



ssue IS muscle. 



82. The method of claim 80, wherein ,he cell is a noa-immune system cell. 

83. The method of claim 59, wh=n.,„ therapeutic nucleic acid sequence is an antise„.,e nucleic 

acid sc(|iicMcc. 

84. A method for enhancing the expression of a therapeutic polypeptide v/vo comprising 
admmistering to a subject a nucleic acid construct, wherein the construct is produced by 
determining the CpG-N and CpG-S motifs present in the construct and removing stimulatory 
CpO (CpG-S) mot.fs and/or inserting neutralizing CpG (CpG-N) motifs, thereby enhancing 
expression of the therapeutic polypeptide in the subject. 

85. The method of claim 84. wherein the nucleic acid construct ftinher comprises reoulatory 
sequences for expression of DNA in eukaryotic cells and nucleic acid sequences'encod.ng at 
least one therapeutic polypeptide. 



86. The method of claim 85, wherein the regulhtory 



sequence is a promoter. 



87. The method of claim 86, wherein the promoter is insensitive to cytokine regulation. 

88. -n.e method of claim 86. wherein the promoter is a non-viral promoter. 

89. The method of claim 86. wherein the promoter is a viral promoter. 

90. The method of claim 89. wherein the promoter is a CMV promoter. 

91. The method of claim 86. wherein the promoter is a tissue- or cell -specific promoter. 
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92. The method of claim 91, wherein the tissue is muscle. 

93. The method ofciaim 91 , wherein the cell is a non-immune system cell. 

94. The method ofciaim 84, wherein the CpG-S motifs are removed by site-specific mutagenesis. 

95. The method ofciaim 84, wherein the CpG-N motifs are selected from the group consisting of 
clusters of direct repeats of CpG dinucleotides, CCG trinucleotides, COG trinucleotides, 
CCGG tetranucleotides, CGCG tetranucleotides and a combination thereof. 

96. The method ofciaim 84, wliercin the nucleic ;icid coiistnicl is an expression vector. 

97. The method ofciaim 96, wherein the vector is a plasmid. 

98. The method ofciaim 96, wherein the vector is a viral vector. 

99. The method of claim 84, wherein the CpG-S motifs comprise a motif having the 
formula: 

S'X.CGX.S* 

wherein at least one nucleotide separates consecutive CpGs, Xj is adenine, guanine, or 
thymine and X^ is cytosine, thymine, or adenine. 

100. The method ofciaim 99, wherein the motif is selected fi-om the group consisting of 
GACGTT, AGCGTT, AACGCT, GTCGTT and AACGAT. 

101. The method ofciaim 99, wherein the motif contains TCAACGTT. 

1 02. The method of claim 99, wherein the motif contains GTCG(T/C)T or TGACGTT. 
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103. The method of claim 99, wherein the motif contain.s TGTCCi(T/C)T. 

104. The method of claim 99, wherein the motif contains TCCATGTCGTTCCTGTCGTT. 

105. The method of claim 99, wherein the motif contains TCCTGACGTTCCTGACGTT. 

1 06. The method of claim 99, wherein the motif contains 
TCGTCGTTTTGTCGTTTTGTCGTT. 

1 07. The method of claim 84, wherein the therapeutic pol>peptide is selected from the group 
consisting of growth factors, toxins, tumor suppressors, cytokmes, apoptotic proteins, 



mterferons, hormones, clotting factors, ligands and 



receptors. 



1 08. The method of claim 84, wherein therapeutic nucleic acid sequence is an antisensc 
nucleic acid sequence. 
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